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Abstract 
Context: An individual’s risk of injury and his/her ability to balance is linked in a cyclical 
relationship that outlines the necessity of balance assessment tools in the diagnosis, 
prevention and rehabilitation of injuries. Despite this necessity, many challenges 
present in relation to assessment protocols and utility. For concussion assessment, the 
Balance Error Scoring System and Sensory Organization Test provide tools that are 
sensitive and cost effective but neither measure is both. The unique nature of the Star 
Excursion Balance Test (SEBT) may provide both a cost effective and sensitive 
measure of balance for concussion assessment though the current protocol may not 
even be sufficient. The Condition-Modified Star Excursion Balance Test (CM-SEBT) 
uses the original SEBT protocol under conditions of altered sensory inputs to challenge 
the balance mechanism. Objective: To examine reliability and validity of the CM-SEBT 
in comparison to other commonly used balance measures. Design: Repeated 
measures design. Setting: Research laboratory.  Participants: Forty-seven healthy, 
young adults (20 males: 21.152.48 yrs, 82.7214.62 kg, 179.367.55 cm; 27 females: 
22.704.21 yrs, 66.5614.47 kg, 162.517.08 cm) voluntarily participated in this study. 
All participants reported no pathologies or medicinal intake that altered balance while 
enrolled in the study. Interventions: Each participant underwent testing on three 
different measures of balance during two test sessions. Test sessions were separated 
by 57.7224.19 (median=50) days. Each participant performed on the Balance Error 
Scoring System, Sensory Organization Test, and the CM-SEBT. The altered conditions 
of the CM-SEBT included: stable surface-eyes open (SO), stable surface-eyes closed 
(SC), unstable surface-eyes open (UO), and unstable surface-eyes closed (UC). Main 
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Outcome Measures: Intra-class correlation coefficients [ICC(2,1)&ICC(2,k)] were 
calculated using singular and average measures for reach direction by condition to 
evaluate test-retest reliability. These values were used in the determination of clinically 
applicable guidelines in the detection of pathological conditions. Additionally, CM-SEBT 
reach distance was compared to posturography measures, the Sensory Organization 
Test, and the Balance Error Scoring System. Results: The reliability of the CM-SEBT 
was best when using an average of three measured trials, ranging between 0.73-0.92 
depending on gender, condition and reach direction. At the 95% confidence interval, 
clinical cut-off scores for normalized average scores were determined for each direction 
and condition since these scores indicated the highest reliability. Combined gender cut-
off scores by direction and condition are as follows: anterior reach direction - SO=0.08, 
SC=0.10, UO=0.16, UC=0.08; medial reach direction: SO=0.11, SC=0.17, UO=0.08, 
UC=0.13; and posterior reach direction: SO=0.18, SC=0.11, UO=0.23, UC=0.20. Male 
and female differences were minimal but increases in the posterior direction, especially 
on an unstable surface. No consistent relationships were elucidated between the CM-
SEBT reach distance and outcomes related to the other measures of balance. 
Conclusions: Reliability of the CM-SEBT, spanning test separation of approximately 
eight weeks, is well within clinical standards. Eliminating visual input while performing 
on an unstable surface produced the lowest reliability in all directions; yet, these values 
were still above previous reports of commonly used balance measures; rendering the 
CM-SEBT as a potential tool in clinical decision making regarding balance performance.  
The CM-SEBT, as a measure of balance, is a unique assessment of balance that is not 
correlated to outcomes of the SOT and/or BESS. Despite these findings, the clinical 
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utility of the CM-SEBT is in need of continued investigation; including examinations of 
performance in pathological populations to further develop interpretive guidelines.  
 
v 
 
Acknowledgments 
“Action is with the scholar subordinate, but it is essential. Without it, he is not yet 
man. Without it, thought can never ripen into truth. Whilst the world hangs before 
the eye as a cloud of beauty, we cannot even see its beauty. Inaction is 
cowardice, but there can be no scholar without the heroic mind.” 
- Ralph Waldo Emerson, The American Scholar   
As the culmination of over five years of work and preparation, I am indebted to a 
multitude of individuals directly and indirectly connected to this undertaking. I would like 
to thank my advisor, Steven P. Broglio, for his balance between allowing my 
independence and his “open-door” support at all hours; all I have learned from you goes 
far beyond the scope of this project. To each member of my committee I also offer 
gratitude for the insights and “corrections” that strengthened the project and my future in 
the field. To those most affected by my aspirations, my family. Melinda, though you may 
have questioned my sanity at times and been exhausted listening to my frustrations, 
your support and patience during this process is something I hope to be able to emulate 
for you in the future. The outcome of this process on my life would have been 
completely different had you not been in my life. To my children, I hope my physical and 
mental absences will be forgiven and that you each know my overall joy has been 
multiplied with each of your births. Thank you for keeping me grounded and providing 
me something to smile over as I think of you each day.  
Though I do not claim a “heroic” mind, I appreciate all that has been invested in 
me as I have pursued my passions and an education built on action and exploration.  
 
 
vi 
 
Table of Contents 
 
CHAPTER 1: INTRODUCTION ....................................................................................... 1 
Statement of Purpose & Hypotheses ......................................................................... 8 
 
CHAPTER 2: LITERATURE REVIEW ........................................................................... 11 
Balance .................................................................................................................... 11 
The Postural Control System ................................................................................... 12 
Balance/Postural Control and Injury ......................................................................... 20 
Concussions and Balance ....................................................................................... 23 
Epidemiology of Concussions ............................................................................. 23 
Biomechanics of Impacts .................................................................................... 26 
Metabolic Cascade ............................................................................................. 28 
Assessment and Presentation of Concussion (Acute and Chronic) .................... 30 
Symptoms ..................................................................................................... 30 
Neurocognition .............................................................................................. 33 
Balance ......................................................................................................... 36 
Sensory Organization Test ...................................................................... 37 
Balance Error Scoring System ................................................................. 39 
Force Platform ......................................................................................... 40 
Star Excursion Balance Test .................................................................................... 42 
History of the Star Excursion Balance Test ........................................................ 42 
Ankle Pathology and the SEBT .......................................................................... 46 
Injury Prediction and the SEBT ........................................................................... 48 
Reliability and Validity ......................................................................................... 50 
Conclusion ............................................................................................................... 52 
Figures ..................................................................................................................... 54 
 
CHAPTER 3: METHODOLOGY .................................................................................... 57 
Participants .............................................................................................................. 57 
Protocol .................................................................................................................... 58 
Outcome Measures .................................................................................................. 58 
History of Concussion Questionnaire ................................................................. 58 
Balance Error Scoring System ............................................................................ 59 
Sensory Organization Test ................................................................................. 59 
Condition-Modified Star Excursion Balance Test ................................................ 60 
Participant Risk ........................................................................................................ 62 
Statistical Analyses .................................................................................................. 63 
Anticipated Outcomes .............................................................................................. 64 
Figures ..................................................................................................................... 66 
vii 
 
 
CHAPTER 4: Analyses & Results ................................................................................. 68 
Demographics Analyses .......................................................................................... 68 
Raw vs. Normalized CM-SEBT Values .................................................................... 69 
Gender Differences and Means Analyses ................................................................ 69 
Balance Error Scoring System ............................................................................ 70 
Sensory Organization Test ................................................................................. 71 
Condition-Modified Star Excursion Balance Test ................................................ 71 
Specific Aim 1 .......................................................................................................... 77 
Specific Aim 1.1 .................................................................................................. 77 
Specific Aim 1.2 .................................................................................................. 79 
Specific Aim 1.3 .................................................................................................. 80 
Specific Aim 1.4 .................................................................................................. 81 
Specific Aim 1.5 .................................................................................................. 83 
Specific Aim 2 .......................................................................................................... 85 
Specific Aim 3 .......................................................................................................... 86 
Tables and Figures .................................................................................................. 87 
 
CHAPTER 5: Discussion ............................................................................................. 109 
Reliability of the Condition-Modified Star Excursion Balance Test ......................... 109 
Validity of the Condition-Modified Star Excursion Balance Test ............................ 113 
Conclusion ............................................................................................................. 117 
 
REFERENCES ............................................................................................................ 119 
APPENDIX A: CRITERIA FOR INCLUSION QUESTIONNAIRE ................................ 138 
APPENDIX B: INFORMED CONSENT DOCUMENT .................................................. 140 
 
1 
Chapter 1: Introduction 
 The ability to maintain balance and the risk of injury exist in a circular, symbiotic, 
and dependent relationship. Research literature strongly supports the existence of this 
relationship where alterations in either aspect directly affect the other (Lajoie & 
Gallagher, 2004; Hrysomallis, McLaughlin, & Goodman, 2007; McGuine, Greene, Best, 
& Leverson, 2000; Plisky, Rauh, Kaminski, & Underwood, 2006; Verhagen et al., 2004; 
Payne, Berg, & Latin, 1997; Akbari, Karimi, Farahini, & Faghihzadeh, 2006; Guskiewicz, 
Ross, & Marshall, 2001). The circular nature is substantiated in geriatric populations 
with respect to fall risk and injury (Lajoie & Gallagher, 2004) as well as within active 
populations regarding recreational and competitive athletic injuries (Hrysomallis et al., 
2007; McGuine et al., 2000; Plisky et al., 2006; Verhagen et al., 2004). Consistently 
throughout these investigations the relationship is inversely proportional, as the ability to 
balance increases the risk of injury decreases and, conversely, injury risk increases as 
the ability to balance decreases; leading to primary and secondary injuries that can be 
debilitating or can lead to mortality (American Geriatrics Society, 2001).  
Knowing that the relationship between the risk of injury and the ability to maintain 
balance is bi-directional may not be consequential, however, when this relationship is 
viewed as cyclical, the impact of not detecting balance deficits becomes more evident. If 
the ability to balance only affected the risk of injury and not vice versa, research could 
focus solely on the prospective evaluation of balance and appropriate training programs 
to decrease the risk of injury. However, research has clearly noted that injury affects 
balance through alterations in postural control, and more specifically proprioception, 
following ligament injuries sprains (Bonfim, Paccola, & Barela, 2003; Hoffman, 
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Schrader, Applegate, & Koceja, 1998; Akbari et al., 2006) and through postural control 
deficits in concussed individuals (Sosnoff, Broglio, Shin, & Ferrara, 2010; Guskiewicz et 
al., 2001; Riemann & Guskiewicz, 2000). With the history of one injury increasing the 
risk of future injury (Yeung, Chan, So, & Yuan, 1994), the acute and chronic summative 
effect of repetitive damage must be considered. In the case of ankle sprains, this can 
lead to a non-life threatening, yet persistent disability (Gerber, Williams, Scoville, 
Arciero, & Taylor, 1998). Though balance itself would not be considered the main cause 
of concussive injuries, the functional mental alterations leading to balance may lead to 
re-occurring trauma, and consequently to acute life threatening conditions if previous 
injury resolution is not substantial (Cantu, 1998; Vagnozzi et al., 2008). It is also 
suspected that chronically this may lead to mild cognitive impairment, earlier onset of 
Alzheimer’s disease, and depression when compared to the general population 
(Guskiewicz et al., 2005; Guskiewicz et al., 2007). 
It is well accepted that injury is a consequence of athletic participation {Garrick, 
2003 76 /id;Marshall, 2003 185 /id}. The difficulty presented to health-care professionals 
working with active populations is decreasing injury risk and mitigating the effect of 
injury. Balance deficits following injury can indicate an increased risk of injury and, 
therefore, research examining clinical measures of balance is warranted in active 
populations.  
Mild traumatic brain injury is an injury that carries the culmination of physical, 
mental and financial ramifications generally associated with the cost of participation. An 
estimated 1.6 to 3.8 million concussions occur annually in the United States alone 
(Langlois, Rutland-Brown, & Wald, 2006) with an estimated financial cost of 17 billion 
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dollars (Thurman et al., 1999). Between the 1980’s and the present, the incidence rate 
for concussions in high school football has been reported in ranges of 5-20% 
(Gerberich, Priest, Boen, Straub, & Maxwell, 1983; Guskiewicz, Weaver, Padua, & 
Garrett, 2000; Powell & Barber-Foss, 1999) with a commonly accepted value of 10%. In 
the collegiate setting there is less variance in incidence rate, 4.4-5.7% (Guskiewicz et 
al., 2000; McCrea et al., 2003), however, rates of diagnosed concussions seem to be 
increasing with rates of 0.17/1000 athletic exposures in the 1988-89 athletic season to 
.34/1000 athletic exposures in 2003-04 (Hootman, Dick, & Agel, 2007), doubling in 16 
years. The high and wide estimated range of incidence, especially in high school 
settings, can be attributed to improvements in injury detection as more is learned of the 
pathology balanced by difficulty in assessing an injury that has no specific diagnostic 
criteria, an athlete’s lack of symptom recognition, or an athlete failing to report the injury 
(McCrea, Hammeke, Olsen, Leo, Guskiewicz, 2004). McCrea et al. (2004) surveyed 
high school football players and the results indicated that about 15% of all respondents 
sustained a concussion in the previous season, yet only 47.3% of those individuals 
reported the concussion to medical staff.  
With injury rates that are increasing in the collegiate setting and remain higher 
than the rate of ACL ruptures, concussions pose a serious concern for health 
professionals (Hootman et al., 2007). Concern for this condition, the serious nature of 
repeat injuries, and the current level of misunderstanding among coaches and players 
(Valovich-McLeod, Schwartz, & Bay, 2007; Broglio et al., 2010) have lead to concussion 
as being labeled as part of a ‘silent epidemic’ (Goldstein, 1990). Measuring the ability to 
balance is one pillar of a multifaceted approach to concussion assessment that also 
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includes neurocognitive testing and patient report of symptoms. Individually each pillar 
of this assessment has weak sensitivity with errors in detection ranging from 20-40% 
with balance assessment providing the largest detection error rates (Broglio, 
Macciocchi, & Ferrara, 2007) when using the Sensory Organization Test. When all 
components are used in the assessment, the sensitivity of the test battery jumps up to 
90% leaving only a 10% diagnostic error. The amount of error in the multifaceted 
approach leaves room for improvement that may come with enhanced sensitivity in the 
individual components. The assessment of balance hosts the lowest sensitivity with the 
Sensory Organization Test (SOT) and the more practical and commonly used Balance 
Error Scoring System (BESS) has reported sensitivities of a mere 61.9% (Broglio et al., 
2007) and 34% (McCrea et al., 2005) respectively. Since the sensitivity reported by 
Broglio and colleagues (2007) was 90% when using a multifaceted approach involving 
balance assessment with a test that is often considered a gold-standard, the Sensory 
Organization Test, it can be assumed that on the field the sensitivity when considering 
all components is lower since the BESS is the more common balance measure. 
Improvement in the sensitivity of a practical measure of balance may enhance the 
overall sensitivity of concussion assessment, specifically on the field. 
When considering the need for improvements in balance assessment, 
specifically in a concussed population, two options are available; either the current 
measurement tools can be improved through methodological changes or a different 
measure can be proposed. At present, proposed changes in the BESS may increased 
the reliability of the measure, however, the sensitivity of the measure is still under 
question (Sabin, Van Boxtel, Nohren, & Broglio, 2011). It is possible that the similar 
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nature and goal of both the SOT and the BESS remains as the limiting factor in their 
limited sensitivities. Each task requires the participant to maintain a quiet stance during 
several conditions that may vary the base of support (BESS) or “perturbate” through 
changes in surface or visual input. Clarification on whether the “perturbations” create a 
dynamic balance test in these instances are equivocal among the research {Visser, 
2008 474 /id;Nardone, 2010 480 /id;Hrysomallis, 2006 28 /id;Bressel, 2007 100 /id}. For 
the purpose of this investigation each task will be considered as a static measure of 
balance because no perturbation (change in vision or surface) is created from an 
external source rather only in response to internally controlled alterations in the center 
of gravity. Primarily the postural control mechanisms for static tasks are automatic 
(Lephart, Riemann, & Fu, 2000) and do not involve an intentional movement. It has 
been suggested that movement oriented tasks have received minimal attention in 
balance assessment examinations and this posturo-kinetic capacity along with sensory-
motor integration are both essential in instrumented assessments of balance (Nardone 
& Schieppati, 2010).    
The Star Excursion Balance Test (SEBT) is a dynamic test of balance that 
measures posture-kinetic capacity through a unilateral leg reach in a specified direction 
for maximal distance. From a clinical perspective, it is also cost effective and easily 
quantifiable, making it a potently viable balance assessment instrument. It has been 
proposed as a potential injury risk screening tool and may be beneficial in detecting 
changes in balance that could lead to lower extremity injury (Plisky et al., 2006). 
Additionally, it has been shown to have a good sensitivity in detecting variations in ankle 
instability (Gribble, Hertel, & Denegar, 2007; Olmsted, Carcia, Hertel, & Shultz, 2002), 
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though clinical applicability of group differences examined in these early investigations 
has recently been scrutinized (Munro & Herrington, 2010). Munro and Herrington (2010) 
suggest that clinical significance, ruling out random variation, on the SEBT is not 
attained without reach distance changes equal to 6-8% of an individual’s reach leg 
length. Considering these suggestions, it is difficult to ascertain the utility of the SEBT in 
pathological populations previously examined as it is presented.  
The SEBT has been touted as a unique measure of balance for its inclusion of a 
movement oriented goal, however, even this may not sufficiently detect differences in 
balance that are subtle in many pathologies. Inclusion of an unstable surface and 
alteration of visual sensory inputs during balance testing have previously been shown to 
increase the difficulty of a measure (Broglio, Monk, Sopiarz, Cooper, & Rosengren, 
2008; Riemann & Guskiewicz, 2000; Cavanaugh et al., 2005) and would further 
challenge sensory-motor integration as suggested by Nardone and Schieppati (2010). 
Overall, this may enhance the utility of the SEBT in the detection of subtle postural 
control variations; increasing the sensitivity of the measure in previously studied 
populations as well as populations that have not been presently examined (e.g. 
individuals with concussions or Parkinson’s Disease).  
Prior to implementation of this measure in pathological populations, an 
understanding of how these variations to the measure will affect the reliability of the 
measure. Furthermore, an understanding of how this measure relates to previously 
established measures of balance, understanding the unique nature of the task. Once 
the reliability is established and a greater understanding of the measure is achieved, the 
Condition-Modified Star Excursion Balance Test (CM-SEBT) may be applied to 
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populations that are in dire need of more sensitive and clinically available balance 
assessment tools; specifically populations that have known postural control deficits 
resulting from pathology, such as concussed populations (Guskiewicz et al., 2001; 
Catena, van Donkelaar, & Chou, 2007).
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STATEMENT OF PURPOSE AND HYPOTHESES 
The purpose of this investigation is to examine the potential utility of the Star 
Excursion Balance Test in the assessment of balance when performed under conditions 
of altered sensory feedback (i.e. the CM-SEBT). 
Specific Aim 1: To examine the reliability and validity of the CM-SEBT as well as 
clinical criteria for interpretation. 
Specific Aim 1.1. To determine the test-retest reliability of the CM-SEBT. 
 Hypothesis 1.1: We hypothesize that the reliability of the CM-SEBT will 
maintain similar reliability as the traditional Star Excursion Balance Test 
despite changes in sensory inputs to postural control. 
Specific Aim 1.2. To examine the relationship of the CM-SEBT to what is 
currently considered a gold standard in balance assessment, the Sensory 
Organization Test. 
Hypothesis 1.2: We hypothesize that measures of the CM-SEBT and SOT 
will correlate positively and strongly.  Furthermore, it is anticipated that 
SOT sensory ratios will correspond to similar ratios calculated from reach 
score ratios calculated under the same theoretical construct; indicating 
similar sensory use on each test.      
Specific Aim 1.3. To examine the relationship of CM-SEBT reach distance to 
scores on the Balance Error Scoring System. 
Hypothesis 1.3: We hypothesize that individuals with lower reach 
distances on the CM-SEBT will demonstrate increased balance deficits on 
the BESS (more errors). This strong and positive correlation will be 
9 
represented in the BESS total score and individual conditions with 
matching sensory inputs.  
Specific Aim 1.4. To determine appropriate testing protocols by investigating 
changes in reliability when using reach distance or an adjusted reach distance 
based on angle of displacement. 
 Hypothesis 1.4: We hypothesize that the impact of angular reach 
displacement adjustments during performance of the CM-SEBT will be 
negligible to the reliability and of the CM-SEBT.  
Specific Aim 1.5. To examine clinical diagnostic criteria through calculation of 
the reliable change indices of the CM-SEBT. 
Hypothesis 1.5: We hypothesize that reliable change indices of the CM-
SEBT will be similar to those previously established for the SEBT, close to 
the range of 6-8%. 
Specific Aim 2: To determine the relationship COP force platform measures and 
corresponding reach distance (CM-SEBT). 
 Hypothesis 2: We hypothesize that greater maximum COP excursion will 
occur with larger reach distance and should be reflected in both maximum 
excursion and excursion distance measures.  
Specific Aim 3: To determine the group differences between individuals reporting 
a history of concussion and those reporting no history of concussion on the 
Condition-Modified Star Excursion Balance Test. 
Hypothesis 3: We hypothesize that the CM-SEBT will not be sensitive 
enough to detect differences between those with and without a history of 
10 
non-acute concussion.  
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Chapter 2: Literature Review 
BALANCE   
Within academic writing there is a great deal of ambiguity on the similarity or 
differences between the terms “balance” and “postural control”. Clarification of the 
terminology is essential in understanding the process in which upright posture is 
maintained, locomotion occurs and activities of daily living are accomplished. Balance is 
defined as the ability to maintain the body’s center of gravity within the body’s base of 
support (Lephart et al., 2000; Nashner, 1997). This definition heavily focuses on an 
outcome and is considered a more generic description of how postural control is used to 
prevent falling (Winter, 1995). Simplifying this task, however, may hold inherent risk as 
the process of maintaining balance is complex and involves the coordination of sensory, 
motor and biomechanical components in order to keep the COG over a relatively small 
base of support, roughly around one square foot (Nashner, 1997; Latash, 1998).  
Where balance refers to control of the COG in reference to the limits of stability 
(i.e. the base of support), postural control refers to task specific control of posture that is 
unconscious and stems from the acquisition, integration and processing of afferent 
signals and the resulting efferent response (Lephart et al., 2000). This definition, rather 
than focusing on an outcome, describes a mechanism. Postural control refers to the 
continuous feedback loop that is the foundation of one’s ability to balance, however, 
postural control is not limited to one’s ability to balance. The mechanism of control is 
used in any situation where a segment of the body is maintained against gravitational 
forces and is not necessarily singular to instances that directly affect alterations in COG 
movements.  
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Postural control development begins prior to an infant actually balancing and can 
be recognized through subtle muscular responses to perturbations before the infant can 
balance in any posture (sitting, standing, etc) (Haywood & Getchell, 2001). As an infant 
continues to learn, integrating and processing feedback, the postural control system 
matures until the mid-teenage years when the systems appear to be fully developed 
(Steindl, Kunz, Schrott-Fischer, & Scholz, 2006). Once developed, it is not uncommon 
to lose sight of the importance of balance in activities of daily living as well as recreation 
and athletics as less attention is needed to maintain balance and unconscious control 
becomes standard (Latash, 1998). As individuals gain in age the ability to balance and 
control posture is challenged and balance ability once again consciously becomes a 
concern; linked to the risk of injury constantly throughout.   
Due to the subtle differences between terms, it is important to remember the 
underlying premise when using these terms. Balance does not occur without good 
postural control and yet postural control can occur without balance. Postural control is 
the process while balance remains the outcome. This separation of definitions implies 
that balance is more related to the quantifiable, subjective or objective, outcome and 
that postural control is more related to the internal processes resulting in the external 
outcome.  
THE POSTURAL CONTROL SYSTEM 
A proper understanding of the postural control mechanism, as it works to position 
the body in relation to gravity, is necessary in order to understand the role of postural 
control as it relates balance assessment and injury risk. The postural control 
mechanism incorporates all aspects of the sensorimotor system. The amalgamation of 
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afferent and efferent signals either within the central or peripheral nervous systems 
provides a feedback control circuit between the brain and the musculoskeletal system 
(Guskiewicz & Perrin, 1996; Lephart et al., 2000) (Figure 2.1). This loop provides a 
mechanism for sensing alterations in posture, which may or may not affect COG 
position, and for correcting/countering those motions to accomplish a specific task (such 
as maintain balance).  
The integration of sensory input and motor response occurs at multiple levels; 
the higher brain centers, brain stem and spinal cord (Lephart, Pincivero, & Rozzi, 1998). 
The higher brain centers; consisting of the basal ganglia, cerebellum and the motor 
cortex; primarily are involved with cognitive programming of movement (Lephart et al., 
1998). Despite the coordinated purpose, individually each portion of the higher center 
has more specific functions. For instance, the basal ganglia is important to the initiation 
and continuation of repetitive tasks (walking, running) as well as maintaining posture 
and subsequently muscle tone while the cerebellum plays a major role in the integration 
process and the control of rapid movements as well as the timing, progression and 
smoothing of movement (Biedert, 2000). At the lower level of the brain, the brain stem, 
there is a focus on processing of sensory input from somatosensory, visual and 
vestibular sources as well as the stabilization of posture (Biedert, 2000; Lephart et al., 
1998).  
The spinal cord level is slightly different in that it serves as a pathway of 
information to and from the brain as well as a conduit separate from the brain where 
spinal reflexes are “looped”. Though both mechanisms play a direct role in dynamic 
muscular stabilization and coordination (Lephart et al., 1998), the reflex arcs are quicker 
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due to the shorter circuit that generally arises from either muscle spindles or golgi 
tendon organs (Biedert, 2000). Despite the use of both pathways, it is generally 
accepted that the central nervous system is primarily responsible for the perception and 
initiation of musculoskeletal movement and the use of reflexes compliments the primary 
pathway (Lephart et al., 1998).   
 Because smooth, coordinated response to perturbation is necessary for the 
maintenance of balance, it is essential that accurate sensory information is created for 
processing. Without afferent input there would be no feedback to contrast actual 
movement to the anticipated movement reference, a vital component to maintaining 
balance and completing desired tasks. Multiple afferent signals from peripheral 
mechanoreceptors (somatosensory), vestibular and visual sources create an analysis of 
movement/position of body segments for this comparison, providing an idea of what 
corrections are necessary for task completion and the maintenance of static and 
dynamic balance (Nashner, 1997; Schmidt & Lee, 2005). Each input component 
supplies different information under different conditions, working together to monitor 
alterations in the COG (Nashner, 1997). 
The somatosensory component is particularly important in relation to clinical 
orthopedic situations, either with injury prevention, training and conditioning, or with 
rehabilitation (Lephart et al., 2000) as it enhances joint stability (van Deursen & 
Simoneau, 1999; Wikstrom, Tillman, Chmielewski, & Borsa, 2006). Under normal 
conditions, this component of afferent input plays a majority role in the maintenance of 
balance (Guskiewicz & Perrin, 1996). The somatosensory component is derived from 
afferent input from mechanoreceptive (tactile and proprioceptive), thermoreceptive and 
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pain receptors found in cutaneous layers, muscles, tendons, joint capsules, ligaments, 
articular structures, and bone (Lephart et al., 2000; Lephart et al., 1998). Mechanical 
force on these sensors creates a response resulting in the transmission of an electrical 
signal in the form of an action potential (Lephart et al., 1998; Guskiewicz & Perrin, 
1996). Each of these receptors within each category responds in ways unlike the others 
by responding to specific mechanical force, with different lengths of excitation, and/or at 
a different threshold. Furthermore, the location of the receptor (i.e. cutaneous or 
articular) may factor into the response/characteristics of each receptor (see Latash 
(1998) and Lephart and Fu (2000) for more details related to the various receptors). 
Some receptors respond to pressure and others to tension, some adapt quickly, 
discharging only near the onset of a continuous stimulus, and others adapt slowly, 
discharging continuously for a continuous stimulus. Overall these receptors function to 
assess changes in muscle length and tension, joint position, and joint motion (Lephart et 
al., 1998). Of these receptors, the Golgi tendon organs and muscle spindles receive the 
most attention for their roles in the detection of movement (angle, velocity, tension, etc) 
and both peripheral and central response.  Sensors within the articular surfaces, 
ligaments, and bone are thought to be more oriented towards the detection of extreme 
ranges of motion and compression (Lephart et al., 1998). 
The Golgi tendon organs (GTO) are located near the connection between a 
tendon and a muscle belly. GTOs are activated by increased force within the fibers of 
the muscle connected to them, indicating force changes but not the rate of force 
change. The peripheral response to GTO activation is in the inhibition of contraction 
within the same muscle that initially created the mechanoreceptor response. Unlike the 
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GTO, muscle spindles signal length and velocity alterations in the antagonist muscle, 
leading to an inhibition of agonist contraction.  The complexity of muscle spindle 
classification, control and activation is beyond the scope of this review, however, it is 
important to understand its role in afferent input as it relates to the sensorimotor system. 
Both the GTOs and the muscle spindles provide sensory input that provides information 
on joint position and movement, creating either a reflexive muscle action peripherally or 
a template to be evaluated centrally. These pathways respond to maintain muscle 
balance and control minor adjustments to maintain stability. (Latash, 1998; Lephart et 
al., 2000) 
As a whole, the somatosensory system uses information from each 
mechanoreceptor, incorporating these different inputs from different areas into an 
overall picture of true joint sense. The integration of these signals provides a true 
picture of joint motion, acceleration and position (Lephart et al., 1998). The difficulty this 
creates when attempting to isolate various sensory inputs in relation to balance is that 
that somatosensory input comes from all segments of the body and despite the 
challenge of a foam surface or sway referencing, sensory input is still available at 
multiple joints in the body. The magnitude of information from this system as a whole 
cannot fully be eliminated to exclusively remove somatosensory input, increasing the 
difficulty with testing the input from either the visual or vestibular systems (Simoneau, 
Ulbrecht, Derr, & Cavanagh, 1995). This does, however, help in situations of damaged 
somatosensory input as there is internal compensation for the deficit creating multiple 
paths to receive the necessary information regarding joint position sense.    
Though somatosensory input plays the dominant role in balance under normal 
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conditions, the visual and vestibular inputs are important for perception of external cues 
and for dynamic movement. In truth, visual cues tend to be the most reliable and 
individuals tend to trust this information more when in situations of conflicting inputs 
(Latash, 1998). Vision is used to establish reference points in orienting the eyes, head, 
and body in space (Nashner, 1997; Lephart et al., 1998).  
The full complexity of the ocular anatomy and physiology in the context of motor 
control is beyond the scope of this review; however, a general understanding of the 
process is warranted. Visual sensory information comes from a variety of sources that 
are generally cataloged into either intra-ocular or extra-ocular. Intra-ocular information 
comes from processing alterations of optical flow; changes in the pattern of rays 
displayed on the retina when the eye is moved or the environment is moved (Schmidt & 
Lee, 2005). Changes in optical flow provide information regarding spatial parameters of 
the environment as well as movement of the environment and self. Experiments in 
which an environment is moved around a static individual indicate that postural control 
is influenced by these changes in optical flow (Redfern, Yardly, & Bronstein, 2001; 
Guerraz & Bronstein, 2008) and that postural responses are quick and unconsciously 
produced (Nashner & Berthoz, 1978). 
Extra-ocular sensory information is more related to mechanoreceptors within the 
musculature controlling eye movement and to the “feedforward” efference copy 
(Guerraz & Bronstein, 2008). Site specific vibration on eye musculature produces 
similar imbalances observed in vibration of the Achilles tendon. These vibrations create 
a sensation of movement that is unnecessarily corrected, causing imbalance. When 
vision is fixated on an immovable object and the body tilts, the eye musculature will be 
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moved and consequently mechanoreceptors within that muscle will be mechanically 
activated to signal a change in position.  This information can then be integrated and 
processed and ultimately lead to postural corrections to re-orient the body to a stable 
position. The efference copy concept acts to inhibit this response when anticipated 
movements create eye motion, preventing a destabilizing “correction”. 
The vestibular sensory apparatus is linked closely with the visual system, 
influencing eye movement patterns, and it individually affects postural control through 
postural reflexes (Guskiewicz & Perrin, 1996; Goldberg & Hudspeth, 2000; Honrubia & 
Hoffman, 2011). This sensory system is located within the bony labyrinth of the 
temporal bone and is comprised of five different organs; two otolithic organs and three 
semicircular canals. Each organ is surrounded by a membranous connective tissue 
filled with endolymphatic fluid and surrounded externally by perilymphatic fluid, 
separating it from the temporal bone of the skull. The two otolithic organs, the utricle 
and the saccule, primarily detect linear accelerations in the horizontal plane and the 
vertical plane respectively. The three semicircular canals are oriented in three different, 
perpendicular planes and primarily provide information regarding angular accelerations. 
Within each of these organs, there are groupings of hairs that project into a denser 
substance. In the case of the utricle and the saccule, a dense, gelatinous substance 
called the otolith contacts the ends of the hair and within the semicircular canals the 
thicker substance is the endolymph. With head motion, the denser substance acts on 
the hair cells, causing motion that either polarizes or depolarizes the attached nerves 
depending on the orientation of the cell. This results in afferent nerve signal propagation 
which results in either a reflexive correction to help stabilize the eyes (rotational, 
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translational, or counter-rolling) or in the integration of information in the central nervous 
system.  
Overall, the close link between the visual and vestibular systems creates a 
relationship that is utilized in stabilizing slow body sway (Guskiewicz & Perrin, 1996; 
Redfern et al., 2001). When visual cues are conflicting or when support surface is 
unstable, the vestibular sense becomes more predominant (Guskiewicz & Perrin, 1996). 
Less specifically, the integration of all systems; somatosensory, visual and vestibular; 
provides more accurate conscious awareness of body and joint position and movement 
that is useful in either centrally controlled movement/tasks or in corrective strategies to 
environmental perturbations (Guskiewicz & Perrin, 1996). Compensation and 
redundancy between the systems is especially important in situations of sensory 
impairment (Nashner, 1997). Removing visual input, the influence of medication, 
peripheral nerve injury or illusions that confuse visual interpretation create situations in 
which an individual must determine which input to ignore and which to trust. Simoneau 
and colleagues (1995) suggests that this compensation is useful but it does not fully 
cover the loss of the original system and that the loss of the somatosensory system is 
most detrimental. In addition to this, the elimination or compromise of more than one 
sensory system creates deficits greater than the deficit of summing each systems 
contributions; indicating the strength gained from system integration. 
 When the system fails to either correct a perturbation or respond and the COG 
exceeds the base of support a step or fall occurs. Falling is a common part of life as 
infants improve their motor control and often does not result in injury, however, in 
athletics the forces of falling can often lead to injury and the consequences are 
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exponentially increased in older populations. Falls in the elderly can lead to increases in 
morbidity, mortality and consequently increases in health care costs (Persad, Cook, & 
Giordani, 2010). The sensorimotor system attempts to prevent this through the inclusion 
of efferent commands in response to afferent input. Usual strategies to correct these 
situations involve either corrective movement at the ankle, hip or with a stepping motion. 
Each corrective measure is geared towards pulling the COG back over the base of 
support or moving the base of support back under the moving COG. It is generally 
assumed that correction  at the ankle leads to greater horizontal displacements of the 
COG than similar amplitude corrections at the hip; making this strategy more effective 
with appropriate adjustments but if an error occurs, either an under adjustment or over 
adjustment, the error in displacement is greater as well (Latash, 1998).  
 Recognition that postural corrections are necessary to maintain balance comes 
from visual, vestibular and somatosensory afferent signals. All three components, 
though differing in mechanism and design, function as a feedback system that allows an 
individual to stand against gravitational forces (Guskiewicz & Perrin, 1996) and each 
component contributes in different methods and can be measured by emphasizing one 
pathway and diminishing the others. 
BALANCE/POSTURAL CONTROL AND INJURY  
 Human motion is described as an inverted pendulum (Latash, 1998). Such a 
description leaves room to imagine the frailty and instability of bipedal locomotion, 
teetering on a precipice, ready to fall. Herein lays the crux of why balance plays such a 
crucial role in human life. By nature of how we move, we are prone to injury that is only 
exaggerated by the risk we take with athletic activity or the effect of aging on our entire 
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system. Movement, especially athletic, is an acceptance of injury risk {Garrick, 2003 76 
/id;Marshall, 2003 185 /id}. The importance of balance is related to the goal of 
decreasing severity of injury, number of injuries or understanding the mechanisms of 
injury in hopes of preventing injury. This is essential in elderly populations, as the risk of 
falling leads to morbidity, mortality and increased economical costs create far reaching 
complications and impacts on quality of life (Persad et al., 2010; American Geriatrics 
Society, 2001; Tinetti, Liu, & Claus, 1993) as well as active populations.  
 Within an athletic setting, it is well documented that balance and injury are 
intimately linked. One approach at investigating this relationship begins in populations 
that have experienced an injury. Consistently, investigations using populations with an 
injury to the musculoskeletal system report increases in joint instability (Wikstrom et al., 
2006). ACL ruptures have been reported to lead to instability in 70-80% of cases 
(Shelton, Barrett, & Dukes, 1997). Following ankle sprains, instability (“giving way”) is 
among the symptoms that persist chronically, sometimes as long as 1.5-4 years, in 75% 
of the cases (Anandacoomarasamy & Barnsley, 2005). This percentage, already high, 
only increases in individuals with repeat injuries. In both instances, knee or ankle, once 
the impact of support structural damage is removed, proprioceptive deficits are often 
implicated as the cause of further instability (Akbari et al., 2006).  
 If injury has a persisting, deleterious effect on proprioception, the consequences 
on an individual’s ability to balance are clear. The somatosensory system’s role in 
postural control and joint stability under normal conditions has already been established 
(Wikstrom et al., 2006; Guskiewicz & Perrin, 1996; van Deursen & Simoneau, 1999) 
and compensation for somatosensory deficits from the other systems is not as 
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impacting as when the somatosensory system is used to compensate for deficits in 
other systems (Simoneau et al., 1995). If the interpretation of data by Akbari and 
colleges (2006) is accurate then proprioceptive compromise effects the unconscious 
inputs (reflexes) rather than the conscious which would affect an individual’s ability to 
quickly react and protect the joints from unanticipated movements. These deficits, 
secondary to injury, minimize the effectiveness of sensory feedback, leaving an 
individual returning to either normal activities of daily living or athletic participation more 
prone to injury.  
This direction of the relationship is easily validated in epidemiological studies of 
ankle sprains where it is reported that as much as 63-73.5% of all ankle sprains have 1 
repeat injury and that as many as 22-32% of all ankle sprains have 5 or more recurring 
injuries (Gerber et al., 1998). This vicious cycle (Figure 2) leads to greater deficits, as 
the reoccurrence of injury increases so do the residual effects, including persistent 
reports of instability and functional limitations (Gerber et al., 1998; Yeung et al., 1994) 
and so on. 
Starting with an understanding this cycle, efforts at either minimizing the effect of 
injury, detecting injury and progress and prevention through proper training can begin. 
The effect of this relationship on musculoskeletal injury is easy to establish and often 
does not result in life threatening injuries in younger, active populations. Balance 
assessment may play a more serious role when considering other pathologies with 
resulting balance deficits. For instance, detection of balance deficits leading to or 
confirming a concussion diagnosis may prevent an athlete from returning to competition 
prematurely and running the risk of life threatening consequences.  
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CONCUSSIONS AND BALANCE  
Balance has been measured through a variety of testing methods that range from 
tasks that involve static and dynamic measures as well as subjective and objective 
measures. Technology has increased the ability for quantitative assessment of balance 
through measures such as postural sway, however, the area of dynamic balance testing 
is still relatively new and less clinically practical at this point (Visser et al., 2008; 
Nardone & Schieppati, 2010). New methods have been developed to measure dynamic 
balance, including subjective hop tests and objective measures of postural stability 
(Wikstrom, Tillman, Smith, & Borsa, 2005) though there still remains a gap between 
clinical utility and practicality due to the expense and availability of objective measures 
using force platforms.  
It is known that concussive injury vastly compromises an individual’s postural 
control effecting his/her ability to balance; making the assessment of balance an integral 
component of the assessment battery (Broglio & Puetz, 2008). Examining the results of 
studies exploring balance outcomes following concussion, it is speculated that these 
deficits are a result of impaired sensory integration (Sosnoff, Broglio, Shin, & Ferrara, 
2011). It is further speculated that processing of the visual and vestibular sensory inputs 
is most affected by concussions, leading to balance deficits (Guskiewicz et al., 2001). In 
order to fully understand the effect of concussion on balance and appropriate 
assessment a foundational knowledge of concussion in general must be established. 
Epidemiology of Concussions 
Within the last 10-15 years, estimates of concussion incidence have risen by 
over 500%. Data collected in 1991 estimated that the incidence to brain injury annually 
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within the United States (US) was 1.54 million (Sosin, Sniezek, & Thurman, 1996). This 
investigation used a self-report based on loss of consciousness and did not differentiate 
between differing severities of brain injuries (i.e. mild traumatic vs. traumatic). Further 
analysis of the injury setting indicated that 20% (95% confidence interval: 17-23%) of 
these injuries occurred during sports of physical activity participation; totaling an 
estimated 261,800-354,200 (mean 308,000) sports-related brain injuries annually within 
the US alone. Knowing that 75% of all brain injuries can be classified as mild-traumatic 
brain injuries (National Center for Injury Prevention and Control, 2003), it can be 
estimated that 196,350-265,650 (mean 231,000) mild-traumatic brain injuries occur 
annually in the US secondary to sports participation or physical activity. If more recent 
data on the incidence of loss of consciousness is also considered, the incidence of 
concussions will be increased by five to 10 fold (Collins et al., 2003; Schulz et al., 2004; 
Guskiewicz et al., 2000). This adjustment would render a mean range of 1.16-2.31 
million mild traumatic brain injuries occurring in the US annually secondary to sports 
participation and physical activity. Greater disparity or variance between estimates may 
be elucidated by the fact that as many as 50-60% of all concussions may go unreported 
(McCrea, Hammeke, Olsen, Leo, & Guskiewicz, 2004; Broglio et al., 2010) and it is 
unknown how many concussions are reported but not admitted to an emergency room. 
Overall, more up-to-date and direct estimates are warranted, however, these estimates 
are relatively close to the 1.6-3.8 million reported in more recent epidemiologic reviews 
(Langlois et al., 2006). 
This multitude of concussive injuries costs individuals within the United States an 
estimated $17 billion per year; almost 1/3 of the total lifetime cost of all traumatic brain 
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injuries (National Center for Injury Prevention and Control, 2003; Finkelstein, Corso, 
Miller, & Associates, 2006). This cost alone cannot be compared to the risk of morbidity 
and possibly mortality that can be associated with concussions in primarily adolescent 
populations, a complication known as second-impact syndrome (Cantu, 1998). 
Not only is the risk of second-impact syndrome greater in adolescents but the 
actual risk of concussion itself seems to be marginally greater within this population as 
well. High school incidence rates in football are slightly higher than any level of 
collegiate play with incidence reported at 5.6% of the total number of athletes (rate/1000 
athlete exposures = 1.03) (Guskiewicz et al., 2000). This occurrence rate compares to a 
lower percentage ranging from 4.4-5.5% depending on the level of collegiate play 
(rate/1000 athlete exposures = .49-.68), lower levels are associated with rates closer to 
the high school incidence. Despite similar injury rates, the difference in the number of 
participants at the high school level far exceeds participation at the collegiate level; and 
therefore, so do the absolute number of injuries. The majority of these injuries occur 
during game situations (60%) as opposed to practice and from contact with another 
player (63.6%) (Guskiewicz et al., 2000; McCrea et al., 2003). 
Despite the known incidence, cost, and overall impact, individuals sustaining 
concussions have been reported to return prior to the resolution of symptoms (Broglio et 
al., 2010) and as many as 33% may return to the same game within 13 minutes of the 
injury (Guskiewicz et al., 2000). It must be remembered still that these statistics may not 
even account for the full incidence of concussed individuals returning to play as over 
50% of concussed individuals may fail to report the injury to medical professionals 
(McCrea et al., 2004). In addition to knowledge that previously concussed individuals 
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are 2-3 times more susceptible to receive another concussion as opposed to non-
concussed counterparts (Guskiewicz et al., 2000; Schulz et al., 2004), it can be 
assumed that not only is the incidence high but a large number of athletes are playing 
with elevated risk levels for reoccurring injury or higher levels of traumatic brain injury 
(i.e. second impact syndrome). 
Biomechanics of Impacts 
 Biomechanical assessment of concussions, to date, has utilized a variety of 
techniques ranging from video analysis, impact reproduction and sophisticated systems 
of accelerometers (Broglio et al., 2009; Pellman, Viano, Tucker, Casson, & Waeckerle, 
2003). These methods have been instrumental in describing location and magnitude of 
impacts and comparing these impacts across sessions, positions, level of competition 
and sports.  
 Broglio and colleagues (2009) performed a comprehensive biomechanical 
analysis of impacts at the high school level. The results of this study characterize many 
aspects of impacts related to this large, young and at-risk population. The results of this 
study indicated that, much like collegiate populations (Guskiewicz et al., 2000), impacts 
occur more frequently during games (24.54±22.41) than impacts during practices 
(9.16±8.64). Furthermore, the majority of these impacts occur to the front of the helmet 
with front impacts being 1.79, 2.88, and 3.32 times more likely than the back, side and 
top of the helmet respectively resulting in linear and rotational accelerations which are 
greater during games (24.76±15.72 g and 1669.79±1249.41 rad/s2) than practices 
(23.26±14.48 g and 1468.58±1055.00 rad/s2). Accelerations were highest in impacts 
that occurred to the top of the helmet. 
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 An investigation of impacts at the collegiate level revealed both differences and 
similarities to impacts at the high school level (Mihalik, Bell, Marshall, & Guskiewicz, 
2007; Broglio et al., 2009). Broglio and colleagues (2009) reported that acceleration 
values between practices and games are lower at the collegiate level with average 
contact practice accelerations of 22.65±1.80g and game accelerations averaging 
21.12±1.73g. Similarly though, impacts to the top of the helmet were significantly higher 
than those sustained to the back, front or sides.  
 As biomechanical analyses began to develop, it was postulated that concussive 
injuries may occur from a specific threshold of impact. Theoretically, this would be very 
useful to clinicians in detecting and diagnosing concussions. With recent investigations, 
however, this concept has come under debate. Earlier investigations using video 
analysis and reconstruction of concussive incidences in the National Football League 
suggest that a reasonable threshold is about 70-75 g in padded impacts (Pellman et al., 
2003). Nevertheless, more recent findings, utilizing real-time data, suggest that many 
non-concussive impacts occur well above 90 g without any acute changes in balance 
capability and neurocognitive function (McCaffrey, Mihalik, Crowell, Shields, & 
Guskiewicz, 2007). In addition, Guskiewicz et al. (2007) reported that the average 
magnitude of concussive impact was 102.8g; however, the range of concussive impact 
magnitude was even larger than the average (60.51-168.71). Furthermore, by 
measuring symptom reports, balance and neurocognition in these concussed cases 
these researchers were able to determine that the outcome following impact had no 
correlation with the magnitude of impact. Neither symptom presentation, balance 
performance on the Sensory Organization Test nor neurocognitive performance using 
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the Automated Neuropsychological Assessment Metrics (ANAM) had a correlation 
stronger than r=0.37 or a p-value below .21. In addition to the poor correlation of 
outcomes with impact, it seems that high-magnitude impacts (90g) do not affect balance 
or neurocognitive processes any differently than lower magnitude impacts (60g) when 
there is no diagnosis of concussion or presence of symptoms (McCaffrey et al., 2007). 
As technology improves and becomes more accessible it is possible that 
biomechanical measures will provide the necessary information to assist with diagnosis 
of concussions. It is possible that from these measures we will be able to ascertain the 
impact of multiple impacts on all levels of athletic participation. Currently, however, this 
information is limited and can only be used as a red flag to medical professionals that a 
concussion may be possible and should be evaluated.  
Metabolic Cascade 
 Biomechanical analyses have helped clinicians to understand that concussions 
are a result of direct or indirect trauma to the head and it is known that his trauma 
results in functional changes within the brain with minimal structural changes (McCrory 
et al., 2009). With minimal structural changes the alteration in function is primarily 
attributed to metabolic changes in the brain. Metabolic changes start from the time of 
impact and take longer to return to pre-injury status than the symptoms of the 
concussion. Giza and Hovda (2001) provided one of the first comprehensive 
descriptions of the metabolic changes within the brain following concussive injury. 
During this review the authors coined the phrase “neurometabolic cascade” to describe 
the sequence of connected events leading to decreased brain function; a series of 
events that can snowball and linger well beyond the decreased manifestation of 
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symptoms. 
 Following impact, there is a juxtaposition of ions within the brain leaving 
potassium on the outside of the cells and calcium on the inside (Giza & Hovda, 2001). 
In an attempt to rectify this anomaly, the sodium-potassium pump becomes overworked 
leading to a large initial uptake of glucose and eventually increased demand for more. 
Decreased cerebral blood flow, occurring simultaneously, hinders the supply of more 
glucose leaving the brain in a state of crisis. Furthermore, the sudden influx of calcium 
may impair mitochondrial oxidative metabolism, activate pathways leading to cell death, 
and impair neural connectivity. Resulting diffuse axonal injury and changes in 
neurotransmitter release and reception lead to both acute and chronic symptoms. 
 As resolution of symptoms occurs, it has previously been assumed that 
metabolic resolution coincides. Recent evidence challenges this assumption through the 
use of advances in metabolic imaging techniques. Metabolic changes have been noted 
30 days following concussive injury (Vagnozzi et al., 2008) while symptom resolution 
generally occurs within the first week following injury (McCrea et al., 2003). This study 
and others that show subtle lingering effects in balance (Sosnoff et al., 2010), gait 
{Martini, 2009 153 /id}, and electrophysiology (De Beaumont et al., 2009) following 
injury, bring to question the safety of current return-to-play guidelines following the 
resolution of symptoms. Return to play prior to the resolution of all symptoms, including 
the less macroscopic and reportable symptoms, may lead to repeat injury which in turn 
could lead to a deficit that is a summation of acute and chronic deficits (Vagnozzi et al., 
2008), prolonging resolution further and rendering the athlete at a greater risk for 
second impact syndrome.   
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Assessment and Presentation of Concussion (Acute and Chronic) 
 The recommended evaluation for concussion is multifaceted and should include 
measures of self-reported symptoms, neurocognition and balance (Ellemberg, Henry, 
Macciocchi, Guskiewicz, & Broglio, 2009; McCrory et al., 2009). Incorporation of more 
than one domain into an assessment protocol increases the sensitivity of the protocol, 
minimizing the risk of false negative diagnoses (Broglio et al., 2007; Ellemberg et al., 
2009; Van Kampen, Lovell, Pardini, Collins, & Fu, 2006). Van Kampen and colleagues 
(2006) reported that an assessment battery, including symptom report and 
neuropsychological testing, identified 93% of concussed individuals while Broglio and 
colleagues (2007) reported that while all component sensitivities analyzed individually 
fell short of clinical standards, incorporating all three components could accurately 
identify 91.7-95.7% of concussed individuals depending on the type of 
neuropsychological assessment utilized. Utilizing a multifaceted assessment battery 
raises the sensitivity of the assessment above clinical standards, providing acceptable 
levels of concussion detection. 
Individually each component plays an important role in indicating the presence of 
functional changes within the brain and therefore each will be addressed in turn; 
understanding that each component also displays weaknesses and poor sensitivity 
individually and therefore a multifaceted should be adapted for assessment purposes.  
Symptoms 
Due to the large effect that concussion has on the report of symptoms (Broglio & 
Puetz, 2008), it is not surprising that symptom report has become the predominant 
component of the concussion assessment process by health professionals; the 
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cornerstone of the clinical assessment (Notebaert & Guskiewicz, 2005; Broglio et al., 
2010). The ease and utility of such an assessment is likely one reason for its frequent 
use, however, it is also one of the more questionable components as it can be easily 
influenced; intentionally or unintentionally. Recent research clearly indicates that more 
sports-related concussions may go unreported than reported due to a variety of reasons 
(Broglio et al., 2010; McCrea et al., 2004). Lack of symptom recognition, incomplete 
understanding of the serious nature of concussion, desire to stay in the game or the 
deliberate intent to return to play quicker all play a role in why concussions may not be 
reported to medical professionals (McCrea et al., 2004; Lovell et al., 2002; Broglio et al., 
2010). Since the subjective report of symptoms requires the intentionally accurate report 
of symptoms by the athlete, the door is open to manipulation and error.   
To minimize subjective influences, quantification of symptoms is accomplished 
through a variety of standardized and modified symptoms checklists. The majority of 
these forms utilize symptoms lists similar to the Graded Symptoms Checklist 
{Guskiewicz, 2004 237 /id} with either item reduction due to redundancy or an additional 
scale for the duration/frequency of a symptom (Piland, Motl, Guskiewicz, McCrea, & 
Ferrara, 2006; Piland, Motl, Ferrara, & Peterson, 2003). Despite the differences in the 
forms, they commonly question the frequency or intensity of symptoms related to 
cognitive and physical function. These common symptoms may include, but not limited 
to, confusion, dizziness, headache, or visual disturbances (Van Kampen et al., 2006) 
and can commonly be grouped into symptoms related to somatic, neurobehavioral, and 
cognitive categories (Piland et al., 2006).  
Originally the defining symptom of a mild traumatic brain injury was loss of 
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consciousness (LOC). LOC was therefore incorporated into numerous grading scales 
as a criterion for more severe grades of concussions (Maroon et al., 2000). As research 
has improved it has been reported that only 6.4-8.9% of all concussions result in LOC 
(Guskiewicz et al., 2000; McCrea et al., 2003) with only one known study suggesting a 
higher rate at 19.2% (Collins et al., 2003). Low incidence of LOC with mild traumatic 
brain injury as well as a miniscule predictive value of concussion severity (Collins et al., 
2003) has led to a greater reliance on other symptoms in the identification of concussion 
and concussion severity.   
Unfortunately, despite the high prevalence of other symptoms in concussed 
individuals even these should not be considered without reservation. Headache is 
reported in 86-93.4% of cases with other symptoms being reported less frequently; 
dizziness 67%, confusion 59%, 48% disorientation, blurred vision 35.5%, and amnesia 
27.7% of the time (Guskiewicz et al., 2000; Meehan, d'Hemecourt, & Comstock, 2010). 
Despite the high prevalence of these symptoms in concussed individuals it must also be 
remembered that these symptoms are linked to other pathologies as well. Headaches 
are highly prevalent in the general population and can be exercise induced as well as 
from other mechanisms (Ramadan, 2004; Sallis & Jones, 2000; McCrory, Heywood, & 
Coffey, 2005). Dehydration and depression have also been linked with similar symptom 
reports as concussion and must be considered when reviewing symptoms following a 
concussion injury (Blau, Kell, & Sperling, 2004; Patel, Mihalik, Notebaert, Guskiewicz, & 
Prentice, 2007; Lange, Iverson, Rose, & Abbott, 2010). This is evidenced further in the 
level of symptom report during baseline testing (Register-Mihalik, Mihalik, & Guskiewicz, 
2009; Sabin et al., 2011).   
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 When accurately reported, symptom prevalence is greatest acutely with an 
average return to baseline levels within 5-7 days post injury (McCrea et al., 2003). 
Some individuals may experience symptoms of concussion for a prolonged time period 
with slow resolution. Despite the length of recover and despite the utility of using 
symptom report to recognize alterations in brain function following injury, report of 
specific symptoms, specifically loss of consciousness or amnesia, are not highly 
correlated to outcomes following concussion. Even though presence of amnesia seems 
to be one of the best predictors of outcome it is still weakly correlated and 77.8% of 
concussions never experience a loss of consciousness or amnesia (McCrea et al., 
2003). 
 Use of symptom report in the evaluation of concussion is a necessary as a 
cornerstone of the clinical exam. However, it must be considered carefully and because 
of common and sometimes confounding reports of related symptoms, no specific 
guidelines regarding participation exclusion have been established. It has been noted 
that within a one year period upwards of 70% of football participants reporting 
concussion like symptoms (Delaney, Lacoix, Leclerc, & Johnston, 2002). Furthermore 
with the manipulability of self-report and inflation of baseline scores secondary to 
fatigue, previous history or concussion, illness, and current orthopedic injury; full 
reliance on symptom report may lead to increased number of injuries (Lovell et al., 
2002; Piland, Ferrara, Macciocchi, Broglio, & Gould, 2010). 
 
Neurocognition 
By definition, concussion is a functional change in the brain (McCrory et al., 
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2009) and, therefore, the assessment of neurocognitive measures is considered a 
crucial component of the multifaceted assessment (Aubry et al., 2002). Of the three 
components of the multifaceted assessment, computerized measures of neurocognition 
boast sensitivities near 80%, 10% higher than symptoms and 20% higher than the best 
measure of postural control (Broglio et al., 2007).  
 It is widely accepted that concussed individuals will have neurocognitive deficits 
acutely, as many as 83% two days post-injury (Van Kampen et al., 2006). The 
suggested length to full recovery is somewhat more convoluted. What is clear is that 
these deficits seem to last longer than the self-report of symptoms or the common 
clinical measures of postural control (McCrea et al., 2003; Broglio et al., 2007). 
Measures calculated using computerized neurocognitive tests have reported recovery 
rates within the 1-3 week range depending on which variables are measured and the 
population (McCrea et al., 2003; Covassin, Elbin, & Nakayama, 2010). Acutely, deficits 
are primarily seen in reaction time, motor processing speed, and verbal memory 
(Covassin et al., 2010). More intensive testing batteries using both computerized and 
pen-and-paper neurocognitive assessments have noted deficits 6-8 months post injury, 
mostly in cognitive processing speed where participants needed more time to make a 
rapid decision during a complex reaction time task (Ellemberg, Leclerc, Couture, & 
Daigle, 2007). 
 More recently, specific measures of brain activity have been utilized in 
researching the effects of concussion (Broglio, Pontifex, O'Connor, & Hillman, 2009; De 
Beaumont et al., 2009). Both Broglio and colleagues (2009) and De Beaumont and 
colleagues (2009) measured event-related reaction potentials during cognitive tasks. 
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Results from both investigations indicated lingering deficits in attentional allocation while 
processing a target stimulus. The disheartening and sobering difference in these studies 
is that Broglio and colleagues used a concussed population an average of 3.4 years 
post-injury and De Beaumont and colleges (2009) investigated retired athletes more 
than 30 years after a concussive injury received in young adulthood. Initially, concussed 
individuals did not have any functional deficits as noted by computerized neurocognitive 
testing (Broglio et al., 2009), however, motor function and other neuropsychological 
markers were diminished later in life (De Beaumont et al., 2009). It is possible that the 
brain is able to adjust for the deficits and compensate well, through the use of different 
pathways (Jantzen, Anderson, Steinberg, & Kelso, 2004), during young adulthood but 
as aging is factored into the equation, complete compensation is no longer possible. 
These non-transient deficits may play a role in earlier onset and higher prevalence of 
other pathologies late in life, such as depression, cognitive impairment and Alzheimer’s 
disease (Guskiewicz et al., 2005; Guskiewicz et al., 2007).  
As with all of these components of the concussion battery, neurocognitive testing 
has limitations and weaknesses. In a review on concussion assessment, Ellemberg and 
colleagues (2009) reported that somatic symptoms and confounding variables such as 
the presence of depression, anxiety, fatigue, learning problems, lack of sleep and sub-
optimal effort can all negatively influence neurocognitive testing (Ellemberg et al., 2009). 
In addition to these concerns, the sensitivity and reliability of these measures have been 
scrutinized (Ellemberg et al., 2009; Broglio, Ferrara, Macciocchi, Baumgartner, & Elliott, 
2007; Broglio et al., 2007).  
 As previously discussed, postural control uses central nervous system 
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processing and deficits in reaction time and processing either acutely or chronically may 
have a direct effect on one’s ability to balance. Examples from an elderly population 
indicate that those with cognitive impairment are at a greater risk of falling from intrinsic 
sources (Formiga et al., 2008). The integration of each of these components warrants 
individual and multifaceted evaluation in the concussion assessment battery. 
Balance 
It is clear that concussive injury can be assessed on its effect on self-reported 
symptoms, neurocognitive function and balance. Symptom report is important in the 
initial recognition and for acute recovery monitoring and neurocognitive screening is 
useful in verifying the presence of concussion (though not useful on the sideline), 
monitoring cognitive changes beyond symptom resolution, and determining full recovery 
prior to return-to-play decisions. However with the weaknesses of these components of 
the assessment, balance assessment maintains its necessity and is useful in detecting 
acute concussion on the sideline when symptom report can be manipulated. A quick, 
sensitive measure of balance to complete the assessment battery is paramount and 
should be a part of the protocol prior to balance deficit resolution. Clinical measures of 
concussion, both sophisticated and more practical, on average show balance deficit 
resolution within 3-5 days; one of the first components of the assessment battery to 
recover (McCrea et al., 2003; Guskiewicz, Riemann, Perrin, & Nashner, 1997; 
Guskiewicz et al., 2001). Though these studies show recovery within this short time 
frame, full recovery of group means to baseline levels does not occur until about 7-10 
days post injury, albeit that these differences were non-significant.  
Balance assessment related to concussive injuries traditionally has incorporated 
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either the Sensory Organization Test (SOT) or some modification of the Balance Error 
Scoring System (BESS). Use of a force platform has been used mostly to establish 
validity of balance measures related to concussion assessment and has not been used 
on its own much in the literature. The strengths and weaknesses of each measure will 
be addressed individually. 
 Sensory Organization Test. The SOT is a balance measure designed to separate 
and identify abnormalities in an individual’s ability to utilize visual, vestibular, and 
somatosensory inputs while balancing (Nashner, 1997). The testing protocol consists of 
18 static balance trials of 20 seconds each, split between 6 different conditions (three 
trials each). Visual and somatosensory sensory inputs are manipulated/eliminated 
through having the individual close his/her eyes and/or “sway referencing.” Sway 
referencing refers to simultaneous movement of the support surface and/or visual 
surround with anterior-posterior displacement of an individual’s center of mass. The six 
conditions consist of 1) eyes open, stable surface; 2) eyes closed, stable surface; 3) 
sway-referenced vision, stable surface; 4) eyes open, sway-referenced surface; 5) eyes 
closed, sway-referenced surface; and 6) sway-referenced vision, sway-referenced 
surface (Figure 2.3).  
Scoring of the SOT involves individual equilibrium scores for each trial, a 
composite equilibrium score and sensory organization ratios (Nashner, 1997). Individual 
trial equilibrium scores are calculated based on a percentage comparing peak amplitude 
of anterior-posterior sway to a theoretical limit of stability (based on height and weight). 
Larger equilibrium scores (near 100%) indicate minimal to no sway while scores near 
0% imply an individual neared or exceeded the limit of stability. The composite 
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equilibrium score is weighted and is calculated from the average of trials in conditions 
one and two and then all trials from conditions three through six. This is designed to 
emphasize conditions that are more challenging to the postural control system. Sensory 
ratios are calculated from three-trial condition averages and should estimate the extent 
to which a specific sensory input is utilized. The somatosensory ratio is calculated by 
dividing condition 2 by condition 1 and represents the extent an individual makes use of 
somatosensory inputs. The visual ratio is calculated by dividing condition 4 by condition 
1 and represents the extent to which the visual inputs are utilized. The vestibular ratio is 
calculated by dividing condition 5 by condition 1 and represents an individual’s use of 
vestibular input.  
 As it relates to concussions, the SOT boasts a respectable sensitivity of 61.9% 
when tested one day after injury (Broglio et al., 2007). Even though this means that 
almost 40% of concussed individuals are not detected using the SOT, no other measure 
has proven better; therefore, establishing it as the “gold-standard.” Despite the initial 
results within the first day, acute deficits resolve quickly within 1-3 days (Guskiewicz et 
al., 1997; Guskiewicz et al., 2001). All of these studies and others used the traditional 
measures associated with the SOT with similar results; no deficits past the first few 
days. It is possible though that these measures are not sensitive enough to detect 
deficits. Sosnoff and colleagues (2011) examined the effect of previous history of 
concussion on measures of non-linear dynamics garnered from the SOT. Concussed 
participants were a minimum of 6 months post injury and on average 3.7 years post-
injury and though no traditional measures of the SOT could distinguish those with injury, 
calculations of approximate entropy indicated that concussed individuals had a more 
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irregular postural sway in the AP direction and a less irregular postural sway in the ML 
direction than healthy controls. These irregularities increased (AP) and decreased (ML) 
as the postural challenge increased. Though the meaning of this remains unclear, it 
does indicate that subtle balance alterations may exist that are not being elucidated with 
current balance measures. 
 The ability to challenge the different sensory systems, the objectivity of the 
measure, sophistication, and level of sensitivity make the SOT the concussion balance 
assessment tool of choice, however, the cost limits its practicality to environments 
outside of research and a few clinical sites. On average it is beyond the scope of clinics, 
high schools and even colleges to afford the machine and system. Therefore, it is 
important to have a more clinically suitable measure of balance that can detect 
concussions. 
 Balance Error Scoring System. To provide a more clinically usable measure of 
balance in the absence of a force platform, researchers introduced the Balance Error 
Scoring System (BESS); a series of guidelines to assign quantitative assessment 
values during specific balance tests (Riemann, Guskiewicz, & Shields, 1999). 
Specifically, six different modifications of the Romberg Test were assessed using 
guidelines counting balance errors as noted by 1) breaking akimbo posture, 2) opening 
eyes, 3) stepping, stumbling or falling, 4) remaining out of the testing position for greater 
than five seconds, 5) moving the hip into more than 30° of flexion or abduction, or 6) 
lifting the forefoot or heel. The conditions are a combination of three different stances 
(double leg, single leg, and tandem [heel-to-toe]) performed on a stable and a foam 
surface. Each condition is performed for 20 seconds. Since inception, this measuring 
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system and the six-modifications of the Romberg Test have been synonymously known 
as the BESS. 
Currently, the BESS is predominantly used in the assessment of postural control 
deficits related to concussion; and though it is not the “gold standard” of postural control 
testing following a concussion, the BESS is practical, viable, inexpensive and mostly 
objective. Reliability of the BESS is moderate to good with intraclass correlation values 
ranging between 0.60-0.70 (Hunt, Ferrara, Bornstein, & Baumgartner, 2009; Valovich-
McLeod, Barr, McCrea, & Guskiewicz, 2006). Recent investigations have suggested 
that repeat administration of the BESS, a minimum of three times, within a given 
session will increase reliability to ICC values of 0.88-0.92 and minimize the effect of 
learning (Valovich-McLeod et al., 2004; Hunt et al., 2009; Broglio, Zhu, Sopiarz, & Park, 
2009).  
Despite the possibility for increased reliability the validity of the measure remains 
in question. Determination of BESS sensitivity to acute concussion indicates that 
immediately post-injury the BESS detected a mere 34% of concussive injuries with 
decreasing values farther from injury (McCrea et al., 2005). Other clinical measures of 
concussion (symptoms and neurocognitive) were reported with sensitivities no lower 
than 0.80, making balance assessment with the BESS the weakest concussion 
detection tool available, despite its wide-spread use and the large effect that concussion 
has on balance. 
 
Force platform. As noted with its combined use within the commercialized SOT, 
the use of a force platform increases the sensitivity and the complexity of a balance 
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measure. Regarding populations with mild to traumatic brain injuries, a force platform 
has been used to understand gait changes following acute head trauma (Chou, 
Kaufman, Walker-Rabatin, Brey, & Basford, 2004), as a validation measure during the 
early stages of BESS development (Riemann et al., 1999), and to measure unique 
postural changes when normal measures showed returns to baseline (Slobounov, 
Tutwiler, Sebastianelli, & Slobounov, 2006), though its widespread use is still limited. 
Riemann and colleagues (1999) demonstrated that there were significant correlations 
between BESS error scores and sway measures though according to correlation 
guidelines the values were below the standard of what is considered good to excellent 
except for the single leg on a foam surface condition (r = 0.79). Due to the limited 
availability and constraints of these technologically more advanced and expensive 
systems, force platform use clinically is very limited and has been questioned in 
general. 
It is indubitable that multiple pathologies result in balance related deficits; and 
that posturography using force platforms is a viable tool in screening for balance deficits 
though it is not a good diagnostic tool (Visser et al., 2008; Nardone & Schieppati, 2010). 
Part of the difficulty in determining the value of measures derived from the force 
platform is that the understanding the primary variable, postural sway, is not fully 
understood. While standing still on a force platform the measured center of pressure is 
related to center of mass movement (Caron, Gelat, Rougier, & Blanchi, 2000). As the 
center of pressure is displaced or moved it is quantified as sway and indicates a 
movement of the center of mass towards the limits of stability (Nardone & Schieppati, 
2010). From this view, increased sway would indicate a deficit in the balance, however, 
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this view is questioned as sway is a constant process and there is a potential for some 
postural sway to be beneficial (Visser et al., 2008). Despite these “considerations”, the 
use of posturography still contributes to the general understanding of control 
mechanisms and with careful sample selection, protocol standardization and 
appropriate analyses the method may contribute more clinical relevance in the future 
(Visser et al., 2008).  
Individual examination of each concussion balance assessment method reveals 
both strengths and weaknesses with no single measure providing both sensitivity and 
clinical practicality at this point. Knowing that balance assessment is such an integral 
part of the concussion assessment yet demonstrates quick resolution it is paramount 
that either previous sub-standard methods are revised to increase either sensitivity or 
practicality or a new measure of balance is proposed to assess balance deficits. 
STAR EXCURSION BALANCE TEST 
 Since neither the SOT nor the BESS currently provide the necessary sensitivity 
and practicality that is essential for a good clinical test of balance, a measure that is 
different in its nature but not its purpose may be required to overcome the weaknesses. 
The Star Excursion Balance Test is a dynamic test of balance that would measure an 
individual’s posturo-kinetic capacity through a unilateral reach for maximal distance. 
Application of this measure to concussed populations has never been examined 
previously; however, it may provide a more challenging task that could assist in the 
detection of concussion.  
History of the Star Excursion Balance Test 
 What we currently call the SEBT is actually a combination of unilateral reaching 
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tasks that were first described by Gary Gray in a section of a book dedicated to a Lower 
Extremity Functional Profile (Gray, 1995). Gary Gray (1995) described nine different 
tests that he called Unilateral Stance Balance with Opposite Leg Reach that were 
differentiated by the direction of the reach (ex. Unilateral Stance Balance with Opposite 
Leg Anterior Reach). The tests were conducted in the anterior, anterior/lateral, 
posterior/lateral, posterior, posterior/medial, medial, anterior/medial, medial rotation, 
and posterior/medial rotation directions in reference to the stance leg (i.e. medial 
direction using left stance leg was to the right whereas medial direction using right 
stance leg was to the left). In order to successfully complete these tests the patient was 
required to maintain the reach for one second, successfully return to the starting 
position (feet next to each other but not touching), properly reset by touching the reach 
leg to the ground at starting position, maintain the start and return position for 1 second, 
have the reach foot be parallel with the stance foot unless the reach involved rotation, 
and to have all reaches within three inches of tested vector without touching the ground. 
Each subject was allowed to counterbalance with the arms or trunk and measurements 
were taken from the toe of the reach leg to the toe of the stance leg. Other potential 
measures, besides reach distance, that were suggested in this profile testing were the 
number of reaches to specified distance until failure, number of reaches to a specified 
distance in a given time, and time to reach a specified distance a specified number of 
times. Interestingly, this text also suggests separate excursion tests as a part of the 
lower extremity functional profile, but states that these tests measure the controlled 
ROM at a joint in a specific plane while in a unilateral stance. 
 This profiling presented by Gary Gray was provided as a more objective measure 
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of balance to replace previous tests such as the Romberg Balance Test, Tandem 
Romberg Test, and single leg stance tests as well as more sophisticated measures that 
could account for subjectivity in scoring but are not as available, such as the Chattecx 
Balance System and the Biodex Balance System (Guskiewicz & Perrin, 1996). The 
majority of these tests are similar to the Balance Error Scoring System and the Sensory 
Organization Test in that they lack the dynamic component, coordinating postural 
control and movement in the same measure, a process more similar to everyday activity 
and sports performance. These differences make the current adaptation of Gary Gray’s 
reach tests, today’s SEBT, a unique and novel task.  
 Since the conception of the SEBT, as initially described by Gary Gray, the SEBT 
has been modified, changed, and molded into the test utilized presently. As previously 
mentioned the initial change was the combining of the Unilateral Stance Balance with 
Opposite Leg Reach tasks with what Gary Gray described as excursion tests in name 
mostly. The excursion tests described by Gray were basically the same as the Unilateral 
Stance Balance with Opposite Leg Reach but with the key component of ROM testing. 
In today’s modification of the SEBT, ROM is not always tested. Despite these 
modifications, the fundamental elements and description of the test remain consistent in 
the literature (Figure 2.4).  The SEBT is a unilateral stance and maximal reach for 
distance task completed simultaneously. It is described as a measure of dynamic 
balance.  
Other modifications to this test are primarily reflected in the decisions made by 
different researchers about which directions to use (i.e. not using all 8-9 directions) and 
the removal of rotational motions. The variability in selection of direction includes using 
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just the diagonal directions (Kinzey & Armstrong, 1998; Lanning et al., 2006), a variety 
of straight plane and diagonal directions (Sawkins, Refshauge, Kilbreath, & Raymond, 
2007; Plisky et al., 2006; Sabin, Ebersole, Martindale, Price, & Broglio, 2010), or 
incorporation of 8 reach directions along straight and diagonal directions {Bressel, 2007 
100 /id;Olmsted, 2002 35 /id;Gribble, 2004 32 /id;Hertel, 2000 94 /id}. The forms of the 
test seem as numerous as the labs that perform research using the test, making it 
difficult to standardize results between studies.   
Hertel, Braham, Hale, and Olmsted-Kramer (2006) conducted a study with the 
purpose of determining whether the various directions of reaches performed during the 
SEBT were correlated, in an attempt to reduce the number of test directions. They used 
a subject pool of individuals with and without chronic ankle instability to examine the 
sensitivity of the test to detection of functional limitations and reported that the 
posteromedial direction was most representative of the task as a whole (of all reaches) 
in both groups of subjects and in both groups there was a great redundancy among the 
different reach directions. The main value of this study comes in discovering that 
reaches in the anteromedial, medial, and posteromedial directions identified differences 
in reach distance between the two groups, there is significant redundancy between the 
different directions, and that the posteromedial direction is the most indicative of overall 
performance in both groups. Performance in all directions therefore would be 
inconsequential and could be narrowed down depending on the question being 
addressed or purpose.   
Despite these modifications, the primary purpose and interpretation of the results 
has remained relatively consistent. That is, the task still measures reach distance in the 
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same planes (though not all planes are used in every study) and performance reflects a 
dynamic measure of balance. 
Ankle Pathology and the SEBT 
 One of the research and clinical uses of the SEBT emerging in the last 5 years 
has revolved around ankle injury, both acute and chronic, and the ensuing instability. 
This line of research is based on the knowledge that ankle sprains have a high level of 
reoccurrence, result in instability, and may result in damage to proprioceptors (Akbari et 
al., 2006; Hertel et al., 2006; Sawkins et al., 2007; Olmsted et al., 2002). Akbari, Karimi, 
Farahini, and Faghihzadeh (2006) performed a study that examined acute ankle sprains 
and different balance tests, including the SEBT, and concluded that ankle sprains 
specifically damage unconscious proprioception most, that which is controlled 
reflexively, leaving a delayed healing of this mechanism. The presence of delayed 
healing leads to recurring injury and eventually chronic ankle instability without proper 
rehabilitation.   
Based on these consistent findings, a dynamic balance test, such as the SEBT, 
may be effective in detecting individuals with chronic ankle instability which could lead 
to identifying those at risk for ankle sprains. Olmsted, Carcia, Hertel, and Shultz (2002) 
directly investigated the efficacy of the SEBT in detecting individuals with chronic ankle 
instability. Each subject in this study performed the test as it was originally designed in 
eight directions at differing 45° angles on each leg.  Analysis revealed statistical 
differences in average reach distance between the chronic ankle instability group when 
balancing on their injured leg with the same leg in the non-injured group, 78.6cm and 
82.8cm respectively. There were also differences between the injured leg and non-
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injured leg within the chronic instability group, 78.6cm and 81.2cm respectively. The 
ability to detect group differences was attributed to the stress of the dynamic activity on 
stability and the lack of stability in the chronic ankle instability due to decreased 
proprioception, neuromuscular control, strength and range of motion.  
  Hertel, Braham, Hale, and Olmsted-Kramer (2006) further examined the SEBT 
as a predictor of chronic ankle instability. The purpose of this study was to simplify the 
task by eliminating reach directions that were not significantly different from others in 
both uninjured subjects and those with chronic ankle instability. They reported that the 
anteromedial, medial, and posteromedial directions were good for detecting reach 
deficits in subjects with chronic ankle instability. These findings could be important in 
increasing efficiency of clinical testing related to chronic ankle instability. 
 Further questioning about the relationship between the SEBT and individuals 
with CAI leads to questions about the response of the SEBT to rehabilitation in 
individuals with CAI. Hale, Hertel and Olmsted-Kramer (2007) explored this very 
question in 29 recreationally active individuals with CAI. In this study the experimental 
group (those with CAI) underwent four weeks of ankle rehabilitation (6 total sessions 
and a home exercise program). The home exercise program was monitored for 
compliance with the average compliance being three and a half home exercise sessions 
per week when the goal was five. The rehabilitation program consisted of stretches, 
strengthening, neuromuscular control exercises and functional tasks. Pre- and post-
rehabilitation measures consisted of center of pressure excursion velocities (COPVs), 
reach distance using the SEBT, the Foot and Ankle Disability Index (FADI) and the 
FADI-Sports Subscale (FADI-Sport). The results of the study showed that COPV was 
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not significantly changed and actually was not significantly different between those with 
CAI and those without at the beginning of the study. With the SEBT, the only significant 
difference in the pre-rehabilitation testing was the difference between the involved and 
uninvolved sides of individuals with CAI. Subjects that underwent the rehabilitation 
program also had significant increases between the pre- and post-rehabilitation testing.   
 The findings from this study indicate that the SEBT is sensitive to changes with 
training/rehabilitation in those with CAI. Unfortunately, these studies did not look at 
strength changes or other measures of proprioception to see which aspect of the 
training program most impacted the SEBT.  
Injury Prediction and the SEBT 
 The association between injury and balance deficits has already been discussed; 
however the use of balance measures to predict injury risk is an aspect of this 
association that has not been specifically addressed in many studies. Balance scoring 
has been shown to predict injury in high school basketball players (McGuine et al., 
2000; Wang, Chen, Shiang, Jan, & Lin, 2006). In the study by McGuine, Green, Best, 
and Leverson (2000), 119 male and 91 female basketball players were tested for 
postural sway, a measure of static balance, using a force platform and computer 
software. Pre-season balance measures were recorded as well as injuries throughout 
the season and exposure to practice and games. Time off due to injury was recorded 
and semi-standardized by requiring a battery of functional tasks be passed prior to 
return to play. The authors showed that postural sway scores were higher in athletes 
that sustained ankle injuries and that those athletes with the highest sway scores had a 
significantly greater risk of injury per exposure (2.68/1000) compared to the grouping of 
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athletes with lower sway scores (1.63/1000). Similar results were recorded by Wang, 
Chen, Shiang, Jan and Lin (2006) with significance in the mediolateral direction when 
the injured side was compared to the uninjured. This second study highlights the issue 
of asymmetry and suggests that balance testing such as this could be used as a 
screening tool to improve conditioning. 
 Other studies have been conducted examining balance and injury risk using 
similar and different balance measurement tools. Proprioception, as measured by joint 
repositioning accuracy, was shown to predict injuries in collegiate basketball (Payne et 
al., 1997). In a study directed more at a specific measure of dynamic balance that would 
incorporate proprioception, Plisky, Rauh, Kaminski, and Underwood (2006) found that 
the Star Excursion Balance Test (SEBT) held predictive value for lower extremity injury. 
These authors looked at differences in reach distance using this task when comparing 
athletes that sustained an injury during the season and those that did not sustain an 
injury. They found that this assessment of balance was sensitive to injury risk, and that 
even after controlling for other known risk factors that a normalized, composite, right 
reach of less than or equal to 94% was significantly associated with lower extremity 
injury.   
 Despite the findings that balance scoring may hold predictive value; these 
studies fail to provide cut-off criteria to separate groups. In order for balance testing to 
be used clinically to predict injury risk, criteria must be established in a way similar to 
criteria for predicting falls in the elderly (Lajoie & Gallagher, 2004). Recently, Munro and 
Herrington (2010) examined the test-retest reliability of the SEBT and provided clinical 
criteria that suggest a change between 6-8% of the normalized score is essential to 
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represent a significant change. This criteria is the first step in determining guidelines, 
however, differences examined in previous examinations of pathological populations do 
not meet these standards. This calls into question previous assumptions on the clinical 
utility of the SEBT and perhaps the sensitivity or validity of the measure. 
Reliability and Validity 
Every test used for clinical or research purposes, prior to gaining full credibility, 
must demonstrate reliability and validity. Two previous studies have looked at the 
reliability of this test with relatively consistent results, but mixed overall interpretations. 
Kinzey and Armstrong (1998) performed the initial reliability test using the four diagonal 
vectors. This study focused on the intratester reliability as each subject was measured 
by the same tester on two different test sessions separated by one week. They found 
reasonable but not high intraclass correlation coefficients ranging from 0.67 in the right-
anterior direction to 0.87 in the left-anterior and left-posterior directions. The authors of 
this article felt like these values were insufficient to positively say that this test was 
reliable; however by using the Spearman Brown prophecy they concluded that with 
proper practice prior to testing equaling 6 different sessions of five repetitions in each 
direction the test would prove reliable.   
 Following this study, Hertel, Miller and Denegar (2000) conducted a study aimed 
at assessing both intratester and intertester reliability. This study included reaches in 
eight directions and each subject performed two tests on two different testing days (a 
test with two different examiners). Testing was separated by the same timeframe 
though a practice in each direction was given prior to each testing session. The 
differences in the testing; practice, number of tests, number of reach directions, may 
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have made the difference, but the results of this study showed that both intratester and 
intertester reliability were good with a wider range in intraclass correlation coefficients 
for intertester reliability. They also found there was a significant learning effect in the 
lateral, posterior/lateral, posterior, and posterior/lateral directions. At least six practice 
trials were recommended in each direction prior to completion of baseline testing. 
 In the literature related to the SEBT, many authors review the results of both of 
these previous studies and conclude that the SEBT has good reliability. Almost all 
literature following the study designed by Hertel, Miller and Denegar (2000) refers to 
both of these studies and states that this test is reliable. These mixed results have led to 
further investigations where support for the reduction to four practice reaches followed 
by three measured reaches has been supported (Robinson & Gribble, 2008; Munro & 
Herrington, 2010) as well as an increase in reliability to ranges of 0.82-0.92 for 
between-session measures of reliability (Plisky et al., 2006; Munro & Herrington, 2010). 
Further standardization of testing procedures across studies may increase the 
consistency in reports of good reliability value across studies.   
 Criterion validity of the SEBT has not previously been addressed in the literature 
by any known study. No “gold standard” has been established or even proposed 
regarding a dynamic measure of balance that incorporates posture-kinetic movement. 
Some investigations have examined the relationship of the SEBT to other measures of 
balance, all static in nature. As it is currently known, reach distance measures do not 
correlate highly with single leg stance (r=-0.05) or single leg stance following a lateral 
stepping motion(r=-0.12) (Nakagawa & Hoffman, 2004). This study used an overall sum 
of the four diagonal directions and only performed the SEBT on a stable surface with 
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eyes open. The only other known study to examine the SEBT in comparison to another 
balance measure examined the performance of different groups of athletes on both the 
SEBT and the BESS {Bressel, 2007 100 /id}. This investigation concluded with results 
indicating that different groups performed differently on static (BESS) and dynamic 
(SEBT) measures of balance. Gymnasts were better at static measures and soccer 
athletes performed better on the dynamic measures. Though this is likely attributed to 
sport specific training adaptations it may also represent the differing nature of these 
tasks.  
 As a unique measure of balance with few previous investigations examining its 
validity, face validity is all that can be assumed. This assumption is based on two points. 
First, the SEBT is generally accepted as a measure of balance and secondly, balance 
specific rehabilitation/training is known to improve performance with an increased reach 
distance in individuals with chronic ankle instability (Hale et al., 2007; McKeon et al., 
2008). Outside of these facts not enough is known about the measure and further 
investigation is warranted.  
CONCLUSION 
 With the necessity for improved balance assessment in cases of injury it is 
important to keep seeking tasks that are sensitive and specific for pathological 
conditions as well as clinically practical. Nardone and Schieppati (2010) suggested that 
clinical testing methods are limited in addressing the posturo-kinetic capacity of an 
individual in pathological conditions, the ability to provide appropriate postural control in 
the event of conscious movement. Incorporation of balance assessment measures that 
examine posturo-kinetic capacity may enhance the sensitivity of concussion balance 
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assessment measures. The SEBT would examine this concept directly, though the 
current protocol may not be challenging enough to detect subtle pathological 
constraints. Considering the various contributions to postural control and balance, 
modifications to the original SEBT through alterations in surface and vision may 
increase the difficulty and sensitivity of the task (Allum, Zamani, Adkin, & Ernst, 2002; 
Broglio et al., 2008; Guskiewicz et al., 2001). These modifications in the SEBT may 
provide increased insight into the assessment of multiple pathologies, including 
concussions.  
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Figure 2.1: Postural control mechanism 
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Figure 2.4: Descriptions of the Star Excursion Balance Test  
Author Description 
Olmsted, Carcia, 
Hertel & Shultz 
(2002) 
“The SEBTs are best described as functional tests that quantify 
lower extremity reach while challenging an individual’s limits of 
stability.” 
 
Hertel, Braham, 
Hale & Olmsted 
(2006) 
“…clinical test purported to detect functional performance 
deficits associated with lower extremity pathology in otherwise 
healthy individuals…series of lower extremity reaching tasks in 
eight directions that challenge subjects’ postural control, 
strength, range of motion, and proprioceptive abilities.” 
 
Cote, Brunet, 
Gansneder, & 
Shultz (2005) 
“The SEBT is a functional, unilateral balance test that 
integrates a single-leg stance of one leg with maximum reach 
of the opposite leg.” 
 
Kinzey & 
Armstrong 
(1998) 
“It [the star-excursion test] has been proposed that the test 
measures dynamic balance, requiring patients to maintain 
balance on a single limb, while manipulating the other limb.” 
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Chapter 3: Methodology 
PARTICIPANTS 
 Individuals from a collegiate, general student population and local community 
were recruited for this investigation. Sample demographics (Table 4.1) were reminiscent 
of young adults (males: n=21, 21.14±2.41 yrs, 82.28±14.39 kg, 178.95±7.60 cm; 
females: n=28, 22.86±4.21 yrs, 66.74±14.21 kg, 162.38±6.98 cm) with indiscriminant 
levels of activity and sports participation. Upon volunteering to participate, individuals 
were screened using a general medical health survey in the form of the Criteria for 
Inclusion Form (Appendix A). Participation was limited to individuals self-reporting a) 
age of 18-40 years old, b) no history of any serious medical trauma requiring the 
attention of a physician within the last three months, c) no presence of any bone or joint 
abnormalities (e.g. arthritis), d) no reported recent surgery on any part of the lower 
extremity within the past one year, e) no current heart or blood pressure condition under 
the care of a physician, f)  no presence of any condition that should limit physical 
activity, and g) no current use of prescription medications for balance difficulties (e.g. 
vertigo), headaches, migraines, cold symptoms, inner ear infection, blood pressure or a 
heart condition. Participants were excluded if the above criteria were violated prior to 
the first session or in-between sessions. Each participant who reported a previous 
history of concussion was also assessed the History of Concussion Questionnaire to 
determine details related to the timing, nature and presentation of the injury (Appendix 
A). This investigation was approved by University Institutional Review Board for Human 
Subjects and all participants signed a written informed consent (Appendix B) prior to 
testing.  
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PROTOCOL 
 Testing for each individual was separated into two identical sessions separated 
on average 57.72±24.19 days (median = 50). A test separation goal of 50 days was 
determined a priori to mimic the separation of testing within a sports season from 
baseline to midseason. Each session lasted approximately 60-75 minutes in length and 
began with the assessment of anthropometric measures (weight, height and leg length). 
Leg length was measured from the inferior border of the anterior superior iliac spine to 
the inferior border of the ipsilateral medial malleolus. 
Immediately following the completion of anthropometric measures, each 
participant performed three tests of balance; Balance Error Scoring System (BESS), 
Sensory Organization Test (SOT), and the Condition-Modified Star Excursion Balance 
Test (CM-SEBT). Administration of these tests was randomized between individuals; 
however, each participant completed the tests in the same order at each session.  
OUTCOME MEASURES 
History of Concussion Questionnaire 
 The History of Concussion Questionnaire is a non-standardized questionnaire 
that was designed for this study to request specific information related to each 
participant’s previous concussions. Specifically, it requests participants to recall the 
number of previous concussions, the timeframe in which each occurred, who diagnosed 
each concussion (medical professional, a non-medical professional [parent or friend], or 
self), and the presence of specific concussion related symptoms (loss of consciousness 
and amnesia). This questionnaire was administered prior to the beginning of any testing 
and took less than five minutes to complete. 
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Balance Error Scoring System 
The Balance Error Scoring System (BESS) is comprised of six conditions (Figure 
3.1) lasting 20 seconds each. Two support surfaces (firm and foam) are used for three 
stance positions. The three stances are double leg, single leg, and tandem (heel to toe) 
stance. The participant was instructed to position himself/herself into the designated 
stance and place his/her hands on hips and close the eyes. The trial began when the 
participant’s eyes were closed and they presented as stabilized and ready. While the 
participant completed each trial, the test administrator recorded specific “errors” as 
outlined in previous literature (Riemann et al., 1999). For this examination, one 
administer counted the errors for all participants. A recordable error was noted when the 
participant: opened his/her eyes; broke the akimbo stance; atook a step, stumble or fall; 
abducted his/her hips greater than 30 degrees; lifted either stance forefoot or heel; or if 
he/she remained out of the testing position for greater than five seconds. The total 
number of errors was utilized as an indication of postural control; better postural control 
is equal to fewer errors. Each participant completed three sets of all six conditions in a 
randomized order per session to minimize the effect of learning within a session 
(Broglio, Zhu, Sopiarz, & Park, 2009; Hunt et al., 2009). The order of testing was 
maintained across sessions.  
Sensory Organization Test  
The Sensory Organization Test (SOT) was completed on a NeuroCom 
International Smart EquiTest System. The SOT uses six conditions to evaluate the 
postural control mechanism through various combinations of sway referencing of the 
floor and walls and having the participant's eyes open and closed (Figure 3.2). Each 
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condition consists of three trials for a total of 18 trials per administration. Each trial is 20 
seconds in length, making the total trial administration approximately 10 minutes. Each 
participant completed 2 administration cycles of the test to minimize the effect of 
learning on test performance as suggested by previous investigations (Dicken & Clark, 
2007; Broglio, 2006). Although the risk of falling is minimal, straps were placed under 
the participant's arms for safety.  
The SOT provides equilibrium scores for each trial as well as calculations to 
compute sensory contribution ratios. Sensory ratios were calculated according to 
manufacturer specifications using equilibrium scores from each condition to represent 
the contribution of the somatosensory system (Condition 2/Condition 1), visual system 
(Condition 4/Condition 1), and vestibular system (Condition 5/Condition 1) as well as a 
visual preference score ([Condition 3 +6]/[Condition 2+5]).    
Condition-Modified Star Excursion Balance Test 
The CM-SEBT uses the traditional procedures of the Star Excursion Balance 
Test (SEBT) which has been previously described in detail (Sabin et al., 2010; Thorpe & 
Ebersole, 2008; Hertel et al., 2006) with the addition of three conditions modifying 
sensory input from the visual system and somatosensory system. The traditional SEBT 
is a dynamic test of balance that involves a unilateral stance while maximally reaching 
in a given direction with the non-stance leg. Participants were instructed to complete 
each maximal reach while standing akimbo with the non-dominant heel in constant 
contact with the surface and all weight maintained over the stance limb. According to 
previously established protocols (Munro & Herrington, 2010), four practice reaches were 
performed, to remove practice effects, followed by three maximal reaches performed in 
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the anterior, medial and posterior directions (relative to the stance leg) for each 
condition; 1) stable surface-eyes open, 2) stable surface-eyes closed, 3) unstable 
surface-eyes open, and 4) unstable surface, eyes closed.  
Specific set-up of the test consisted of two perpendicular strips of 1 ½” athletic 
tape laid on a custom built platform matching the height of a force platform; allowing 
simultaneous measurement of CM-SEBT reach distance and center of pressure 
measurements. The unstable surface conditions were conducted on an Airex (Alcan 
Airex; Sins, Switzerland) balance pad (50 x 41 x 6 cm). The balance pad was marked 
with identically angled pieces of tape so that the pad could be placed on top of the 
stable surface (force platform) set-up without altering the design of the CM-SEBT or foot 
placement. The non-dominant limb was used as the stance limb and the foot was 
centered on the anterior/posterior direction with the toes pointed anteriorly and the heel 
aligned in front of a horizontal line depicted by a drawn “+” in the center of the tape 
intersection. Leg dominance was established as the dominant leg being preferred to 
kick a ball. Each participant reached with the dominant leg and reach distance was 
marked at the farthest touch of the participant’s great toe. Order of condition and reach 
direction were randomized within a session; however, each participant completed the 
same order for each test session.  
Each participant was tested without shoes and socks to eliminate confounding 
differences in shoe stability and surface interaction. Failure to meet the constraints of 
testing (i.e. akimbo stance, heel contact and weight transfer) resulted in the reach being 
repeated. Unlike the original instructions for the SEBT, participants were not required to 
touch the tape; though repeatedly during the practice and measured trials they were 
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instructed that touching the tape was the goal. This modification was included because 
of the demands of the “eyes closed” conditions. A sticker was used to measure the 
location of each reach and distance was measured from the center of the crossing tape 
to each touch location. For measures not aligned with the tape, the angle of 
displacement from the tape was also measured using a standard goniometer and string 
so an adjusted reach distance score could be calculated (Figure 3.3). Adjusted reach 
scores were calculated as follows: 
Adjusted reach score(y) = reach score(x) * cos[angular displacement(θ)] 
 In this formula, the reach score(x) was the distance from the center of the tape 
marking to the contact location of the reach great toe which was marked with a sticker 
to indicate the location. To measure angular displacement (θ) a string was placed in the 
direction of the reach distance, if contact occurred off of the tape, and a goniometer was 
used to measure the angle from that line to the center of the tape in the indicated goal 
direction. If a reach contacted the tape it was considered to have zero displacement and 
adjusted reach distance equaled reach distance. Due to the novelty of these sensory 
modifications it was unknown whether the angular displacement would affect the 
reliability of the CM-SEBT.   
Traditional postural control measures were collected during all reaches of the 
CM-SEBT on a force platform, centered under the stance leg, at a sampling rate of 100 
Hz (AMTI,Inc; Watertown, MA). 
PARTICIPANT RISK 
 The proposed protocol and testing methods posed no more than minimal risk to 
the involved participants. All participants were screened for potential health 
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contraindications and self-reported being healthy when tested. Since the proposed tests 
are designed to measure balance, a spotter was present since it is possible that 
participants may have experience a loss of stability during testing. In addition, an 
investigator trained in adult cardiopulmonary resuscitation and first aid procedures was 
present at all testing sessions.  
STATISTICAL ANALYSES 
 Descriptive statistics were employed for all data collected. CM-SEBT reach 
distances were normalized by dividing the reach distance by the reach leg length which 
was taken at each session. Analyses of variance (ANOVA) were performed to compare 
mean scores for each variable as appropriate to determine mean differences across test 
sessions, measure conditions, and genders. Post-hoc analyses were performed were 
indicated as appropriate. One purpose of these analyses was to elucidate any potential 
gender differences that would necessitate separate reliability and validity analyses as 
opposed to a combined sample. Intraclass correlation [ICC(2,1) & ICC(2,k)] analyses 
were performed to examine the test-retest reliability of the CM-SEBT single and 
average reach scores (hypothesis 1.1). In addition, a series of interclass correlation 
analyses were tailored to address hypotheses related to the validity the CM-SEBT 
(hypotheses 1.2, 1.3, & 2). These analyses examined relationships between the 
different measures of balance in both the composite score and sub-scores when 
relevant. Appropriate tests of significance were conducted on all correlations. Clinical 
cut-off scores are suggested based on reliable change indices and reliability analyses 
(specific aim 1.5).  
Multiple independent samples t-tests were conducted to assess differences 
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between individuals with no previous history of a concussion and those with a previous 
history for the different directional scores (anterior, medial, posterior) and composite 
score of the CM-SEBT on each of the conditions (hypothesis 3). Post-hoc analyses 
were conducted through comparisons of group means. Differences in reliability of 
normalized reach distance and normalized distance adjusted for angular displacement 
were also examined to determine future administration guidelines (hypothesis 1.4). 
Level of significance was set a priori at alpha = .05. The data analyses will be 
completed using PASW Statistics (version 18: SPSS, Chicago, IL).    
ANTICIPATED OUTCOMES 
Secondary to the investigative nature of this project, anticipated outcomes could 
only be surmised. Intraclass correlations were expected to be high for all conditions of 
the CM-SEBT based on previous literature reporting good reliability of the SEBT 
(hypothesis 1.1) (Hertel et al., 2000; Kinzey & Armstrong, 1998; Munro & Herrington, 
2010). Modification of sensory input during testing should not have a deleterious effect 
on reliability. In addition to this, the reliable change indices were anticipated in the range 
of 6-8% as previously determined for the SEBT, though potentially lower reliability of 
additional conditions may increase these scores slightly (hypothesis 1.5) (Munro & 
Herrington, 2010). It is not anticipated that any differences in reliability will be noted 
between normalized reach scores and those adjusted for angular displacement from the 
tape (hypothesis 1.4). 
It was anticipated that interclass correlations assessing the validity of the CM-
SEBT to both the BESS and SOT as well as CM-SEBT and SOT sensory contribution 
ratios would be statistically significant (hypothesis 1.2 & 1.3). Thoughts on the 
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equivalence of static and dynamic balance are equivocal and therefore it is difficult to 
ascertain the strength, direction, and even presence of these relationships {Bressel, 
2007 100 /id;Hrysomallis, 2006 28 /id}. If these measures are correlated then it can be 
assumed that they measure the balance mechanism similarly. If the measures are not 
correlated then the differences in the tasks may provide unique insight at the balance 
mechanism and provide a different, yet potentially more sensitive, measure for injury 
balance assessment. Either outcome will not change the potential clinical applicability of 
the CM-SEBT in pathological populations. It is difficult to suggest the strength of 
correlations between force platform measures and scores related to the CM-SEBT as 
no previous investigations have collected force platform measures simultaneously 
during SEBT performance. Though investigations correlating static balance and SEBT 
reach distance have not suggest strong correlations (Nakagawa & Hoffman, 2004), no 
known instance of simultaneous measurements are known. Previous investigations 
have examined the relationship between measures from separate tests. As a reach is 
extended it is assumed that the COP should move in the reach direction towards the 
limit of stability and, therefore, good to excellent correlations are anticipated between 
force platform measures and simultaneous reach distance (hypothesis 2).  
Regarding differences between participants with a history of concussion and 
those without, it was not expected that long-term effects will be elucidated with a gross 
motor balance test such as the CM-SEBT (hypothesis 3). Though the CM-SEBT is a 
different test than those previously utilized in the assessment of the chronic effects of 
concussions, it is doubtful that the test is sensitive enough to detect subtle group 
differences. Previous investigations have struggled to detect these differences using 
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common instruments like the sensory organization test and typical gait parameters 
without more intricate analyses (Sosnoff et al., 2010; Martini et al., 2009). It may be 
possible to find group differences in measurements from the force platform; however, 
linear analyses may still not be sensitive enough to detect these subtle differences if 
they exist. 
FIGURES 
 
 
 
Figure 3.1: Balance Error Scoring 
System conditions 
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y 
Figure 3.3: CM-SEBT test set-up and reach distance calculations; x = measured 
reach distance, y = adjusted reach distance calculated based on angular 
displacement (θ) and the following formula (y = x*cos(θ)). Reaches were 
performed in three target directions: anterior, medial, and posterior. 
θ 
Figure 3.2: Conditions of the 
Sensory Organization Test 
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Chapter 4: Analyses & Results 
DEMOGRAPHICS ANALYSES 
 Initial demographic analyses were performed for the entire sample tested (N=49) 
and are listed in Table 4.1. Forty-seven participants completed both test sessions with 
an average test session separation of 61.10±25.98 for males and 55.22±22.95 for the 
females. The goal for test separation was set at 50 days to minimize the effect of 
learning between sessions and to mimic mid-season injury evaluation. Most reliability 
studies examine test-retest sessions separated by approximately one week to remove 
the effect of learning. Though our range of test separation is high due mostly to 
scheduling conflicts, it was deemed acceptable to mimic a variety of injury timelines and 
since it was still well outside the normal timeframe for test-retest examinations. Two 
participants did not return for follow-up testing; one due to an injury between test 
sessions or the other secondary to scheduling conflicts. Analyses in which the retest 
session was utilized excluded these participants. Demographic information for this sub-
sample (n=47) is included in Table 4.2. Independent samples t-tests revealed significant 
demographic differences between males and females for weight and height (p<0.000) 
but not for days between test sessions (p=0.416) in both samples (n=49 & n=47).  
 Within the entire sample, nine participants (18.4%) reported a previous history of 
concussion while 40 participants reported no previous history of concussive injury. 
Demographics of both groups split by gender are described in Table 4.3. One 
participant in each group did not complete the follow-up test secondary to scheduling 
conflicts.  
The nine participants that reported a previous history of concussion reported a 
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total of 13 concussions; six reported having only one concussion, two reported having 
two concussions and one reported having a total of three concussions. On average, the 
time from the last concussion was 6.62±5.62 years (median = 4.02) with a range from 
1.36-17.79 years. Nine of the concussions were diagnosed by a medical professional 
and three were self-diagnosed (one participant did not respond to this question). 
Individuals able to recall the duration of symptoms following each concussion reported 
acute symptom resolution averaging about 2.25 days. One participant had prolonged 
symptom resolution around 45 days post injury and one participant has present-day 
antegrade memory loss from the second and third concussions experienced; 7.03 and 
3.53 years post injury respectively. 
RAW VS. NORMALIZED CM-SEBT VALUES 
 For this investigation, CM-SEBT values were normalized according to previously 
established standards. Normalization has been utilized in previous literature to 
standardize methods in between group comparisons. Reach distances (raw and 
adjusted) were normalized by dividing the respective score by the reach leg length. Leg 
length measures were recorded from the inferior aspect of the anterior superior iliac 
spine to the inferior aspect of the medial malleolus by a single clinician for all 
participants at each session. Intratester reliability was noted with a reliability (ICC) 
coefficient of 0.995; therefore limiting the confounding effect of this measure on other 
calculations and analyses. 
GENDER DIFFERENCES AND MEANS ANALYSES 
 Means and standard deviations of each variable of importance; BESS, SOT, CM-
SEBT, and force platform measures; were calculated and are reported according to the 
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various measures in Tables 4.4 to 4.10. Measure means and standard deviations are all 
reported from the sample excluding individuals who did not complete the second testing 
session (n=47). Variables related to validity analyses are reported from the very last 
attempted set of each measure (i.e. the third trial of the BESS and the second attempt 
of the SOT) to minimize the effects of learning across the sample.  
Balance Error Scoring System 
 To minimize the effect of learning and standardize the validity testing, measures 
of the BESS used for analysis were recorded from the second testing session and the 
third completed set of the six conditions. A repeated measure ANOVA examining 
condition(6) and gender(2) differences revealed a significant two-way interaction 
between condition and gender (p<0.00) and a significant main effect for condition 
(p<0.00) but no significant main effect for gender (p=0.23) (Figure 4.1). Test session 
was not considered a factor with the BESS analyses because only values from the 
second session and third attempt were used to investigate validity of the CM-SEBT. 
Post-hoc analyses revealed significant differences between all six conditions except for 
the differences between double leg stance on a stable and unstable surface (p=1.00). 
To further examine the interaction, independent samples T-tests were conducted on 
each condition score and the summed total score to determine potential gender 
differences. Significant gender differences were only elucidated during the tandem 
stance on an unstable surface (t(45)=3.54, p<.00), with females performing with 1.4 
fewer errors on average during that condition. Though non-significant, females seemed 
to perform worse (more errors) on the stable surface while males performed worse on 
the unstable surface. 
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Sensory Organization Test 
 To minimize the effect of learning and standardize the validity testing, measures 
of the SOT used for analysis were recorded from the second testing session and the 
second completed set of the six conditions. A repeated measure ANOVA examining 
condition(6) and gender(2) differences revealed a significant main effect for condition 
(p<0.00) but no significant main effect for gender (p=0.58) (Figure 4.2). Test session 
was not considered a factor with the SOT analyses because only values from the 
second session and second attempt were used to investigate validity of the CM-SEBT. 
Post-hoc analyses revealed significant differences between all six conditions of the SOT 
except between Condition 1 and Condition 3 (p=0.30) as well as Condition 2 and 
Condition 3 (p=1.00). Independent samples T-tests were used to compare gender 
differences on the composite scores and the sensory ratios as well with no significant 
results. 
Condition-Modified Star Excursion Balance Test 
To minimize the confounding influence of individual reach trial and to maintain 
consistency with recent literature (Munro & Herrington, 2010; Sabin et al., 2010), the 
average score was utilized in the following analyses. Separate repeated measure 
ANOVAs [test session(2) x condition(4) x gender(2)] were conducted on each reach 
direction (anterior, medial, and posterior). Test session was considered a factor with the 
CM-SEBT analyses because of the reliability analysis, however, analyses were 
repeated for the second session only (i.e. no test session factor) to verify the presence 
of gender differences. Appropriate post-hoc analyses were completed to ascertain 
factor differences. 
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In the anterior direction, a significant two-way interaction between time and 
condition was present (p=0.01) with a significant main effect for condition (p<0.00). 
There was no significant main effect for gender (p=0.18). Post-hoc analyses revealed 
significant differences between all conditions when collapsing across time and gender. 
Reach distances were closest to reach leg length while standing on a stable surface 
with the eyes open with smaller values being noted on an unstable surface with the 
eyes open, a stable surface with the eyes closed, and an unstable surface with the eyes 
closed sequentially. Though there was no main effect for gender, independent samples 
t-tests indicated gender differences in this reach direction (average score) during the 
second test session only with females (x¯ =1.01±0.06) reaching 5% of their reach leg 
length farther than male counterparts (x¯ =0.96±0.07). 
In the medial direction, there was a significant two-way interaction between time 
and condition (p=0.041) as well as a significant main effect for time (p<0.00) and 
condition (p<0.00). No main effect for gender was noted. When collapsing across all 
factors except time, individuals performed better at the second test session with an 
increase in normalized reach of 0.021. Significant differences between all conditions in 
this reach direction were notes as well except between the stable surface-eyes closed 
(condition 2) and unstable surface-eyes open (condition 3) (p=.60). The sequential order 
of normalized reach score by condition follows a similar trend as the anterior direction 
with a juxtaposition of the second and third conditions. 
In the posterior reach direction, two significant two-way interactions were noted 
between time and condition (p=0.02) and condition and gender (p<0.00). In addition to 
this a significant main effect for condition (p<0.00) and time (p<0.00) were noted. No 
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significant main effect for gender was noted. Between sessions an overall improvement 
in normalized posterior reach distance was noted in the second session of 0.037 
(almost 4% of reach leg length). During both test sessions, males outreached the 
females. Males showed approximately a 4% improvement in normalized reach distance 
from the first test session to the second, doubling the improvement noted in the female 
group. Comparing condition scores collapsed across all other factors reveals a similar 
trend as reaches in the medial direction; normalized scores for condition 1 were greater 
than condition 2 which is greater than condition 3, etc.  Independent samples t-tests in 
the posterior direction revealed more gender differences than any other direction within 
each test session; occurring in all conditions except for the fourth, unstable surface with 
the eyes closed. 
The posterior reach direction seemed to show the most variation between test 
session, condition and the influence of gender. Between test sessions, males improved 
more than females but not consistently across CM-SEBT conditions. Improvement was 
similar for condition one (males: x¯ =0.022, females: x¯ =0.029), however, it was far 
greater during condition 2 (males: x¯ =0.057, females: x¯ =0.027), 3 (males: x¯ =0.036, 
females: x¯ =0.021) and 4 (males: x¯ =0.075, females: x¯ =0.031). These disparities 
created numerous interactions, though they did not result in a significant main effect.  
Examination of the influence of gender on average reach scores, while excluding 
the influence of the first test session, reveals slightly different results which may impact 
the validity analyses. Separate repeated measure ANOVAs [condition(4) x gender(2)] 
revealed significant main effects for condition (p’s<0.00) in each direction and a 
significant main effect for gender in the posterior direction (p=0.04). Post hoc analyses 
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of conditions revealed significant differences between all conditions except when 
performing on a stable surface with the eyes closed and on an unstable surface with the 
eyes open. In all reach directions, normalized reach distance was greatest while 
performing on the stable surface with the eyes open and the least on an unstable 
surface with the eyes closed. Post hoc analysis of the gender main effect in the 
posterior reach direction revealed that males and females significantly differed in all 
conditions (stable surface, eyes open: p=0.02; stable surface, eyes closed: p=0.02; 
unstable surface, eyes open: p=0.04) except for reaches on an unstable surface with 
the eyes closed (p=0.22) (Figure 4.3). 
As more confounding factors were removed from the analyses gender 
differences became more prominent. Significant results from independent samples t-
tests of normalized reach distances for single and average measures in each condition 
and direction are noted in Table 4.10. There were few variables that showed significant 
differences in both test sessions. In comparing to the results from the repeated measure 
ANOVAs it must also be remembered that the ANOVAs were only calculated using 
average scores in keeping with previous literature and the results that produce the best 
reliability. Single reach scores are included in Table 4.11 to show the consistent gender 
differences in the posterior direction within the second testing session.  
To verify that calculations adjusting reach distance for the amount of angular 
displacement from the tape did not affect the results of these gender comparisons, 
significant results from independent samples t-tests were reported for these measures 
as well (Table 4.12). Adjusting these values for angular displacement did not change 
which session, conditions, reach directions and trials displayed group differences, 
75 
except the third trial of the posterior reach on an unstable surface with eyes closed and 
the posterior vestibular ratio from the first session.  
Direction specific, maximum COP excursion and total COP excursion distance 
were recorded during performance of the CM-SEBT. Maximum excursion references 
the greatest COP movement in either the anterior/posterior or medial/lateral directions 
and was analyzed according to the corresponding CM-SEBT reach direction (e.g. 
maximum medial/lateral excursion was of interest in the medial reach direction. Since 
trials were not marked during data collection, the maximum excursion was assumed to 
indicate the point of reach contact and consequently corresponded to the reach 
distance. The excursion distance referenced the distance of the COP excursion from 
the centroid and was calculated as the hypotenuse of a right triangle. Separate 
repeated measures ANOVAs were calculated to examine COP measure differences for 
each reach direction. To simplify the repeated measures ANOVA utilized in the means 
analysis and to maintain a standard across other assessments in this investigation, 
singular scores were averaged for each condition and the average score was analyzed 
in a repeated-measure ANOVA for each direction [condition(4) x gender(2)]. Gender 
differences on simultaneous center of pressure measures (i.e. maximum anterior-
posterior / medial lateral excursion and excursion distance) must be interpreted 
understanding that, secondary equipment error which was discovered post-testing, the 
sample size these analyses was 14 (four males and 10 females). If strong correlations 
between these measures and simultaneously recorded reach distance are noted then 
gender differences should be more clearly examined in future investigations. 
 While reaching in the anterior direction, no condition by gender interaction was 
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noted. There was a significant main effect for both CM-SEBT condition and gender. 
Post-hoc analyses indicated that the means of the conditions were sequentially lower 
when starting with condition 1 and were all significantly different from one another 
(p’s<0.01) except for the comparison between condition 3 and condition 4 (p=0.04). The 
main effect for gender revealed that males had a greater center of pressure excursion 
than females during anterior reaches. All results for excursion distance measure 
analyses were the same except that post-hoc analyses revealed no significant 
differences between conditions with the same surface (i.e. condition 1 was not 
significantly different than condition 2 and condition 3 [p=0.23] was not significantly 
different than condition 4[p=0.66]). 
A repeated measure ANOVA for COP measures corresponding to medial 
reaches showed no significant interaction between condition and gender, however, a 
significant main effect for condition was noted with no significant main effect for gender. 
Post-hoc analysis of condition scores in both instances revealed a trend where both 
maximum excursion and excursion distance were less in condition 2 and then 
sequentially greater in condition 1, condition 3 and condition 4. Conditions on like 
surfaces (stable or unstable foam) were not significantly different (p>0.05) whereas 
comparisons between conditions on opposing surfaces revealed significant differences 
(p<0.05). 
A repeated measure ANOVA for COP measures corresponding to posterior 
reaches initially revealed a similar pattern of significance as the medial direction; no 
significant interaction between condition and gender, a significant main effect for 
condition, and no significant main effect for gender. Post-hoc analysis of condition 
77 
dissimilarities showed that, for both maximum reach and excursion distance, COP 
measure values were less in the first condition and increased sequentially to the fourth. 
Significance was noted between all conditions for each measure at alpha levels lower 
than 0.05. 
SPECIFIC AIM 1: To examine the reliability and validity of the Condition-Modified 
Star Excursion Balance Test (CM-SEBT) as well as clinical applicability. 
Specific Aim 1.1: To determine the test-retest reliability of the CM-SEBT. 
Intraclass correlation coefficients [ICC(2,1)] were calculated for each reach (trial 
1, 2, 3, max) as well as [ICC(2,k)] for the average score of trails 1, 2, and 3 in each 
direction and under each condition. Secondary to seeming gender differences, 
specifically in the posterior direction, these analyses were performed on a split sample; 
20 males and 27 females using normalized reach distance scores (Table 4.13) as well 
as a combined sample (Table 4.14). Intraclass correlation analysis does not necessitate 
normalization for valid comparisons; however, in an effort to maintain a standard across 
the literature, values were normalized and compared for understanding.  
ICC values for males ranged from 0.42 to 0.86 for single measure scores (i.e. 
reaches 1-3 and maximum reach) depending on reach direction and the testing 
condition. Averaging these values across conditions revealed that the reliability of the 
maximum reach distance was the largest for reaches in the anterior and posterior 
direction and that on average the reliability of the first reach was largest when reaching 
in the medial direction, though this was not always the case when considering individual 
conditions. Averaging the reliability across all measures (i.e. reach 1-3 and the 
maximum reach) revealed a trend in which stable surface conditions were more reliable 
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than unstable conditions though opening or closing the eyes did not consistently effect 
reliability values when measures on the same surface. Average score ICC values 
ranged from 0.73-0.91; 0.04-0.13 higher than any of the single measure values. The 
disparities between single measure scores and the average score were greatest in the 
posterior direction and least in the anterior direction. The highest reliability was noted in 
the stable surface conditions while reaching in the medial direction.   
ICC values for females ranged between 0.53-0.86 for single measure scores 
depending on the reach direction and the testing condition. Reliability values were 
arrayed similar to the males with the maximal reach score seeming the most reliable as 
a whole with the anterior and posterior directions being more reliable than the medial 
reach direction. The stable surface was more reliable than the unstable surface 
conditions except in the anterior reach direction though visual input (open or closed) did 
not provide consistent results. Average score ICCs were higher than the single measure 
reliability values, ranging from 0.83-0.92. Comparing the average reach reliability values 
of males to females, reach distance measures were more reliable for females but on 
average only about 0.04 higher. The posterior reach direction showed a greater 
disparity in reliabilities with females performing more reliably.  
Combining both genders into a single sample resulted in reliability values that 
were higher than the male values and lower than the female only values. As a whole, 
the trends remained the same with average score measures providing the best reliability 
across time and stable surfaces being more reliable than unstable surface measures. 
Single measure ICC values ranged between 0.59-0.86 and average score reliabilities 
ranged between 0.74-0.91. The anterior direction provided the highest reliability with the 
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medial direction providing the lowest reliability. All normalized reach distance measures 
when condensed to an average score provide good to excellent reliabilities (greater 
than or equal to 0.75 [Portney & Watkins, 2009]) regardless of gender separate or 
combined  samples except for male only and combined values of medial reaches on an 
unstable surface with the eyes closed, 0.73 and 0.74 respectively.  
Specific Aim 1.2: To examine validity of the CM-SEBT compared to the Sensory 
Organization Test. 
 Comparison between the CM-SEBT and the SOT was completed using Pearson 
correlation analyses between normalized reach distances and common variables 
related to each of the other measures. Data from the second session was utilized to 
wash out all practice effects and because more participants were able to complete the 
SOT testing without adverse side effects (dizziness) from the protocol during this 
session. Participant demographics for this population can be found in Table 4.2. There 
were no statistically significant correlations between SOT condition equilibrium score 
averages from the second round of the second session and normalized maximum and 
average reach distances in all directions and conditions of the CM-SEBT. Splitting the 
sample by gender did not alter the results as no statistically significant correlations were 
noted and all correlations were weak with the strongest for both males and females 0.34 
and no higher than 0.23 when the samples were combined. 
 Values from the SOT can be calculated into sensory ratios; theoretically 
quantifying the extent of contribution from a specific sensory input (i.e. visual, vestibular, 
and somatosensory). The CM-SEBT was designed to replicate the pattern of sensory 
modifications of the SOT conditions excluding the visual sway referencing, which is not 
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used in the sensory ratio calculations of this investigation. Visual cues are eliminated 
when the participant closes his/her eyes and the foam surface mimics the sway-
referencing of the surface. Based on this theoretical framework, CM-SEBT sensory 
ratios were calculated as follows: somatosensory – [condition 2: eyes closed, stable 
surface]/[condition 1: eyes open, stable surface], visual – [condition 3: eyes open, 
unstable surface]/[condition 1: eyes open, stable surface], and vestibular – [condition 4: 
eyes closed, unstable surface]/[condition 1: eyes open, stable surface]. This analysis is 
designed to examine whether these theoretically similar sensory contribution ratios 
correlate with the sensory ratios from SOT scores. 
 Separate Pearson correlation analyses for each direction revealed no statistically 
significant correlations between the SOT ratios and corresponding ratios calculated 
from CM-SEBT conditions in any of the directions (Table 4.15). These results did not 
change when the sample was separated by gender. In the combined sample, 
correlation values (r) ranged between 0.01-0.20. From these results there is no 
indication of any relationship between theoretically similar sensory ratios. Correlations 
between somatosensory, visual, and vestibular ratios within particular reach directions 
were statistically significant in most instances which mimics the results within the SOT 
though stronger. Even these results, however, would only be considered good to fair 
according to standards within the field (Portney & Watkins, 2009). 
Specific Aim 1.3: To measure the correlation of the CM-SEBT to the more 
clinically utilized Balance Error Scoring System. 
 Comparison between the CM-SEBT and the BESS was completed using 
Pearson correlation analyses between common variables related to each measure.  
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Data from the second session was utilized to wash out all practice effects. Participant 
demographics can be found in Table 4.2. There were no consistent, statistically 
significant correlations between any measure of the BESS and the CM-SEBT. 
Statistically significant, yet weak, correlations were noted on only two instances 
between BESS errors accrued during single leg stance on an unstable surface: CM-
SEBT average anterior reach on an unstable surface with eyes open (r=-.295, p=.044) 
and CM-SEBT average anterior reach distance on an unstable surface with eyes closed 
(r=-.312, p=.033).  
 Splitting the sample by gender revealed statistically significant, yet weak, 
correlations for males between BESS errors on a stable surface with a single leg stance 
and CM-SEBT reaches in the medial direction on a stable surface (r=0.52, p=0.02) and 
an unstable surface with eyes open (r=0.46, p=0.04). CM-SEBT reaches performed by 
females on an unstable surface with the eyes closed correlated weakly yet statistically 
significant with BESS errors accrued with single leg stance on an unstable surface 
when performed in the medial direction (r=-0.48, p=0.01) and posterior direction (r=-
0.42, p=0.03). Across all conditions of the BESS, the strength of correlations with CM-
SEBT reach distances was not different between males and females. 
Specific Aim 1.4: To determine if adjusting reach scores based on angle of 
displacement increases the reliability or validity when compared to raw score 
calculations. 
Intraclass correlation coefficients [ICC(2,1)] were calculated for each reach 
individually and the maximum score as well as [ICC(2,k)] for the average score of trials 
one through three in each direction and under each condition. These analyses were 
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performed on reach distance scores adjusted for reach error (angle of displacement) 
(Table 4.16) and were compared to reliability values from normalized, non-adjusted 
reach scores (Table 4.13).  
Adjusting the reach distance by accounting for angle of reach displacement did 
not significantly or consistently alter the pattern of the reliability scores; of the 120 
comparisons (5 measures x 4 conditions x 3 directions x 2 genders) only seven 
instances occurred where the difference in reliability was greater than 0.02. These 
instances were almost evenly split among reach directions and genders with no pattern 
among conditions. As previously observed with non-adjusted score reliabilities, stable 
conditions provided more reliable measures than unstable conditions and the anterior 
direction was more reliable. Averaging the absolute value of difference scores reveals 
negligible differences between non-adjusted reach distances and calculated/adjusted 
reach distances with regards to the reliability of the measures when averaged across 
condition (Figure 4.4) and across direction (Figure 4.5). Differences between these 
measures were very large during the third trial of anterior reaches on an unstable 
surface with the eyes open for both genders (males: 0.26, females: 0.14). These large 
differences between calculated scores and the original reach distance could not be 
explained, however, they were not consistent nor were they represented in the average 
reach reliabilities. Based on these results overall, there seems to be no clinical reason 
to adjust for reach error based on angle of displacement during goal directed reaches 
unless future examinations reveal that adjusted scores are more sensitive to 
pathological conditions. Reliability comparisons between each measure show no 
remarkable differences. 
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Specific Aim 1.5: To determine the reliable change indices for administration of 
the CM-SEBT. 
 In order to examine appropriate clinical guidelines for administration of this 
balance test, task specific cut-off scores were calculated for multiple confidence 
intervals using reliable change indices at each direction and condition. Cut-off scores 
provide clinicians with an idea of what differences on a specific measure, from baseline 
to follow up, indicate a pathologic change and are generally determined based on the 
best combination of sensitivity and specificity. Cut-off scores have been used 
consistently throughout concussion literature in establishing precedents for interpreting 
results from measures such as the SOT (Broglio, Ferrara, Sopiarz, & Kelly, 2008), 
BESS (Valovich-McLeod et al., 2006), and neurocognitive assessments (Valovich-
McLeod et al., 2006; Iverson, Lovell, & Collins, 2003; Barr & McCrea, 2001). All 
individuals who performed at a baseline and follow-up test session were included in 
these analyses (n=47).  
 Cut-off scores were calculated using reliable change indices formulas proposed 
by Jacobson and Truax (1991) with a modification to account for practice effects 
(Chelune, Naugle, Luders, Sedlak, & Awad, 1993) and rearranged to result in the cut-off 
score.  
(x2-x1) = RCI * SEdiff + (μ2- μ1) 
 The term “(x2-x1)” represents the difference in scores, from baseline test to 
follow-up, that would result in a change above what can be attributed to random error 
(i.e. the cut-off score). Appropriate z-scores for a respective confidence interval (70-
95%) were substituted as the reliable change index (RCI) (e.g. for a 95% confidence 
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interval the z-score/RCI is 1.96 and for a 90% confidence interval the z-score/RCI is 
1.65). According to the formula proposed by Jacobson and Truax (1991), SEdiff 
represents the standard error of the difference and is calculated by taking the square 
root of two times the squared standard error of the measurement (SEm) when SEm is 
equal to the standard deviation of the healthy sample during the first test session (s1) 
times the square root of one minus the healthy sample test-retest Pearson correlation 
coefficient (r12). Each formula is represented below: 
2
mdiff )2(SESE   
)(1 12 m r-1sSE   
Because reliability is highest with the average score of trials one through three, 
cut-off scores were calculated using average scores in all directions and conditions 
separately for males and females as well as their combined to determine if gender 
differences alter cut-off scores (Table 4.17 - 4.19). Differences between male and 
female cut-off scores were negligible between the stable surface conditions in each 
direction. More variation occurred on the unstable surfaces with increasing disparities 
as the direction moved from anterior to medial to posterior. Females had larger cut-off 
scores in the anterior and medial directions than males on average, but males had 
higher cut-off scores than females when reaching in the posterior direction. Greater 
changes in baseline measures would be needed in the posterior direction as scores 
increased almost perfectly across condition and direction. 
Since this examination used a healthy sample, specificity values were measured 
for comparisons to future literature (Tables 4.20 – 4.22). Specificity is a measure of 
accuracy in detecting the absence of a condition, obtaining a negative result (Portney & 
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Watkins, 2009) and when considered with sensitivity of a measure will be helpful in 
determining the appropriate level (confidence interval) for clinical interpretation. 
Specificity was good at the 95% confidence interval, ranging between 0.94 and 1.00 for 
males and females with only a slight reduction to .91-1.00 when the sample is 
combined. 
SPECIFIC AIM 2: To determine the relationship COP force platform measures and 
corresponding reach distance (CM-SEBT). 
 Analyses related to force platform measures of balance were conducted on a 
subset of the full sample (n=14) due to retrospective detection of an equipment error 
(corrupted connection between the platform and the computer) that created unreliable 
results in both the anterior-posterior and medial-lateral directions. This sample 
consisted of four males (24.253.95 yrs, 95.2319.86 kg, 183.207.45 cm) and 10 
females (24.574.09 yrs, 71.5013.99 kg, 163.836.10 cm). Maximum excursion and 
excursion distance were calculated from the generated COP data to examine the 
relationship between COP and reach distance while performing the CM-SEBT. 
Maximum excursion was calculated as the maximum excursion in the corresponding 
direction of the reach in either the sagittal (anterior-posterior) or coronal (medial-lateral). 
Excursion distance references the distance of the maximum excursion coordinates (AP, 
ML) from the centroid. COP measures recorded on an unstable surface were adjusted 
for the increased height from the force platform created by the foam surface thickness 
(6 cm). Pearson product-moment correlation coefficients were calculated between each 
COP measure and the corresponding reach distance for all measured reach trials and 
then the average scores (Table 4.23).  
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 Only four statistically significant correlations existed between reach distance and 
COP measures as calculated. Maximum excursion measures were significantly 
correlated to reach distance on a stable surface with the eyes closed for the second 
medial reach (r=0.54, p=0.05) and the first posterior reach (r=0.62, p=0.02). Excursion 
distance was significantly correlated with corresponding reaches on a stable surface 
with the eyes closed during the first posterior reach (r=0.59, p=0.03) and when 
averaging posterior COP measures and reach distances (r=0.55, p=0.04). No continuity 
of significance was noted in other conditions, directions, or even within trails of the 
same conditions/directions. Correlations between these measures were mostly weak to 
fair ranging from 0.00-0.59 (x¯ =0.20) for COP maximum excursion and 0.00-0.62 (x¯ 
=0.21) for COP excursion distance.  
SPECIFIC AIM 3: To determine the group differences between individuals 
reporting a history of concussion and those reporting no history of 
concussion on the Condition-Modified Star Excursion Balance Test. 
 The relationship of condition and direction with regards to CM-SEBT scores has 
already been elucidated in analyses investigating the effect of gender on reach distance 
scores. To examine the influence of previous history of concussion on reach distance, 
independent samples t-tests were used to remove any confounding influence of 
condition and reach direction on group differences. These analyses were performed on 
average reach distance scores during the second test session secondary to the high 
level of reliability and the minimized effect of learning on these measures. No significant 
differences were elucidated in these analyses (p’s>0.05) between individuals with a 
previous history of concussion and those with no history of concussion (Figure 4.9).  
87 
TABLES AND FIGURES 
 
Table 4.1: Full sample demographics (N=49) 
  
Age (yrs) Weight (kg) Height (cm) 
# Reporting 
Previous 
History of  
Concussion 
Test Spacing 
(days) 
Males 
(n=21) 
21.14±2.41 
(18-30) 
82.28±14.39 
(62.14-122.47) 
178.95±7.60 
(167.01-195.58) 5 
61.10±25.98 
(34-152) 
Females 
(n=28) 
22.86±4.21 
(18-34) 
66.74±14.21 
(45.36-102.97) 
162.38±6.98 
(145.42-175.90) 4 
55.22±22.95 
(24-124) 
Total 
(N=49) 
22.12±3.62 
(18-34) 
73.40±16.13 
(45.36-122.47) 
169.48±10.96 
(145.42-195.58) 9 
57.72±24.19 
(24-152) 
*mean±standard deviation with ranges in ( ). 
 
Table 4.2: Sample demographics of all participants participating in 2 sessions (n=47) 
  Age (yrs) Weight (kg) Height (cm) 
# Reporting 
Previous 
History of  
Concussion 
Test Spacing 
(days) 
Males 
(n=20) 
21.15±2.48 
(18-30) 
82.72±14.62 
(62.14-122.47) 
179.36±7.55 
(167.01-195.58) 5 
61.10±25.98 
(34-152) 
Females 
(n=27) 
22.70±4.21 
(18-34) 
66.56±14.47 
(45.36-102.97) 
162.51±7.08 
(145.42-175.90) 3 
55.22±22.95 
(24-124) 
Total 
(n=47) 
22.04±3.62 
(18-34) 
73.44±16.48 
(45.36-122.47) 
169.68±11.08 
(145.42-195.58) 8 
57.72±24.19 
(24-152) 
*±standard deviation with ranges in ( ). 
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Table 4.3: Sample demographics split based on previous history of 
concussion (N=49) 
Group Gender Age (yrs) Weight (kg) Height (cm) 
No Previous 
History of 
Concussion 
 
Males 
(n=16) 
21.06±2.67
(18-30) 
82.25±16.29 
(62.14-122.47) 
178.59±8.14 
(167.01-195.58) 
Females 
(n=24) 
22.54±4.31
(18-34) 
65.81±14.72 
(45.36-102.97) 
162.61±7.40 
(145.42-175.90) 
Total 
(n=40) 
21.95±3.78
(18-34) 
72.38±17.22 
(45.36-122.47) 
169.01±10.98 
(145.42-195.58) 
Previous 
History of 
Concussion 
Males 
(n=5) 
21.40±1.52
(20-23) 
82.37±6.38 
(78.02-93.21) 
180.09±6.17 
(174.63-190.50) 
Females 
(n=4) 
24.75±3.30
(21-28) 
72.32±10.32 
(62.14-86.64) 
160.97±3.93 
(157.48-166.37) 
Total 
(n=9) 
22.89±2.89
(20-28) 
77.90±9.40 
(62.14-93.21) 
171.59±11.24 
(157.48-190.50) 
*±standard deviation with ranges in ( ). 
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Figure 4.1: BESS mean errors by condition. 
* denotes statistically significant gender differences 
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Figure 4.2: SOT condition equilibrium score means. 
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Figure 4.3: Normalized reach distances by gender in the posterior reach direction.  
* denotes statistically significant gender differences 
 
*
* *
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Table 4.11: Statistically significant gender differences on normalized CM-SEBT 
measurements and calculations. 
Measure Test Session Condition
Direction &/or 
Reach 
Number 
t-value df Sig. 
Individual 
Reach Distance 
1 SO P1 2.32 44 0.025 
2 
SO A2 -2.16 45 0.036 
SO A3 -2.61 45 0.012 
SO P1 2.62 45 0.012 
SO P2 2.25 45 0.03 
SO P3 2.35 45 0.023 
SC P1 2.16 45 0.036 
SC P3 2.70 45 0.01 
UO P2 2.18 45 0.035 
UO P3 2.22 45 0.032 
UC P3 2.08 45 0.043 
Maximum 
Reach Distance 2 
SO A -2.27 45 0.028 
SO P 2.23 45 0.025 
SC P 2.22 45 0.032 
UO P 2.38 45 0.022 
Average Reach 
Distance 
1 SO P 2.10 44 0.041 
2 
SO A -2.34 45 0.024 
SO P 2.47 45 0.017 
SC P 2.35 45 0.023 
UO P 2.07 45 0.044 
Somatosensory 
Ratio 1 -- P -2.919 44 0.006 
Vestibular Ratio 1 -- P -2.895 44 0.006 
*For Condition: SO - Stable surface, eyes open; SC - Stable surface, eyes closed; UO - 
Unstable surface, eyes open; UC - Unstable surface, eyes closed. For Reach Direction: A - 
anterior; M - medial; P - posterior. 
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Table 4.12: Statistically significant gender differences on normalized CM-SEBT 
measurements and calculations after angular displacement adjustments. 
Measure Test Session Condition
Direction &/or 
Reach 
Number 
t-value df Sig. 
Individual 
Reach Distance 
1 SO P1 2.314 44 0.025 
2 
SO A2 -2.175 45 0.035 
SO A3 -2.602 45 0.012 
SO P1 2.634 45 0.012 
SO P2 2.261 45 0.029 
SO P3 2.343 45 0.024 
SC P1 2.125 45 0.039 
SC P3 2.615 45 0.012 
UO P2 2.208 45 0.032 
UO P3 2.232 45 0.031 
UC P3 -- -- -- 
Maximum 
Reach Distance 2 
SO A -2.268 45 0.028 
SO P 2.355 45 0.023 
SC P 2.22 45 0.031 
UO P 2.391 45 0.021 
Average Reach 
Distance 
1 SO P 2.109 44 0.041 
2 
SO A -2.34 45 0.024 
SO P 2.475 45 0.017 
SC P 2.308 45 0.026 
UO P 2.085 45 0.043 
Somatosensory 
Ratio 1 -- P -2.893 44 0.006 
Vestibular Ratio 1 -- P -- -- -- 
*For Condition: SO - Stable surface, eyes open; SC - Stable surface, eyes closed; UO - 
Unstable surface, eyes open; UC - Unstable surface, eyes closed. For Reach Direction: A - 
anterior; M - medial; P - posterior. 
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Figure 4.4: Absolute differences between non-adjusted and adjusted score reliabilities 
averaged across conditions in each direction. 
 
Figure 4.5: Absolute differences between non-adjusted and adjusted score reliabilities 
averaged across direction for each condition. 
103 
 
 
 
104 
 
 
 
Figure 4.6: Gender comparison of CM-SEBT cut-off scores in the anterior direction. 
 
 
Figure 4.7: Gender comparison of CM-SEBT cut-off scores in the medial direction. 
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Figure 4.8: Gender comparison of CM-SEBT cut-off scores in the posterior direction. 
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Figure 4.9: CM-SEBT reach distances split by group. 
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Chapter 5: Discussion 
 
RELIABILITY OF THE CONDITION-MODIFIED STAR EXCURSION BALANCE TEST 
 Previous investigations have examined the reliability of the Star Excursion 
Balance Test when performed on a stable surface with the eyes open, while following a 
protocol that requires the participant to contact the tape in the indicated direction. The 
first report of reliability with the SEBT reported ICC (2,1) values in the anterior-medial 
and posterior-medial directions of both the right and left legs ranging between 0.67-0.87 
for average scores (Kinzey & Armstrong, 1998). This investigation separated test 
sessions by one week. More recently, between-session reliability of average scores on 
the SEBT were reported in all eight directions ranging between 0.88-0.94 for the raw 
scores and 0.84-0.92 for the normalized scores (Munro & Herrington, 2010). Both early 
and recent investigations report values that are considered clinically acceptable, ranging 
from good to excellent (Portney & Watkins, 2009). 
 The reliability values of the stable surface, eyes open condition concur with these 
earlier investigations, ranging between 0.89-0.91 regardless of angular displacement 
adjustments. Inclusion of the unstable surface and visual elimination did not alter the 
reliability of this measure despite the influence these changes had on sensory feedback. 
When considering normalized average reach distances, test-retest reliability ranged 
between 0.73 and 0.92 depending on gender, condition and direction of the reach. The 
reliability of conditions where sensory input was challenged was not as high. 
Consistently, reliability values for the stable surface conditions were higher than 
unstable surface conditions. The removal of visual input did not consistently alter 
reliability scores as closing the eyes on a stable surface increased reliability compared 
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to eyes open on a stable surface and decreased the reliability on the unstable surface. 
Despite the small fluctuations due to sensory input, the reliability values of the average 
score showed a good to excellent relationship (>0.75) in all directions and conditions 
except for reaches in the medial direction with the eyes closed on an unstable surface 
(males: ICC = 0.73, combined: ICC = 0.74). 
 At a 95% confidence interval the recommended cut-off scores from this 
investigation only corresponded to values previously proposed during reaches in the 
anterior direction for conditions one through three. All other values were greater than 
the 6-8% of normalized reach distance proposed by Munro (2010) when using the 
traditional SEBT protocol (stable surface, eyes open). The complete range of cut-off 
scores at a 95% confidence interval for this investigation was between 0.07 and 0.24% 
for males, between 0.08-0.19% for females and 0.08-0.23% when considering both 
genders combined. These values are percentages of an individual’s reach leg length 
and they generally increased as the condition became more challenging and with 
respect to reach direction (anterior < medial < posterior).  
 Despite these considerably high cut-off scores, the specificity in which each 
score at the 95% confidence interval ranged between 0.91-0.98 for the entire sample 
population. The individual variability associated with balance testing in general could 
possibly contribute to these wide ranges. In a recent review, Nardone and Schieppati 
(2010) remark on how individuals with similar pathologies often balance differently and 
how individuals with different pathologies balance similarly. These accepted nuances 
become problematic and must be considered during clinical assessment and 
treatments.  
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 The results of this investigation did not conclusively support the necessity to split 
cut-off scores by gender to enhance specific clinical guidelines. Differences were noted 
in the posterior reach direction in normalized mean reach scores, translating into 
differing reliabilities and consequently different cut-off scores, however, these results 
were not consistent across test session, conditions, or directions. Future research is 
needed to examine these potential differences more thoroughly. The explanation of 
these differences between genders in second session, CM-SEBT reach distance in the 
posterior direction is challenging. It is possible that differences in learning between test 
sessions and genders occurred despite the standardization of the testing (instructions, 
practice trials, order, etc.), however, it is more likely attributed to random error since 
there was no consistency between sessions. 
 One limitation of this investigation is the lack of a pathologic population from 
which to calculate the sensitivity of the CM-SEBT. Comparison of cut-off score range 
sensitivity based on various confidence intervals will provide a clearer picture regarding 
recommended clinical cut-off score ranges. Previous investigations have recommended 
using the highest sum of the sensitivity and specificity values to determine the most 
appropriate range of cut-off scores (Broglio et al., 2008; Barr & McCrea, 2007). 
 Though the cut-off score sensitivity necessitates further review, the reliability of 
the CM-SEBT shows promise in comparison to other commonly used balance 
assessments. The Balance Error Score System, commonly used for concussion 
assessment, only boasts a reliability of 0.60-0.70 when administered once (Hunt et al., 
2009; Valovich-McLeod et al., 2006). Increasing the number of test session 
administrations per session increases the reliability to more clinically acceptable levels 
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around 0.88-0.92 (Valovich-McLeod et al., 2004; Hunt et al., 2009; Broglio et al., 2009). 
Reliability on the Sensory Organization Test is dependent on the variable (composite 
vs. individual condition equilibrium score) but not seemingly on the age of the 
participants (Ford-Smith, Wyman, Elswick, Fernandez, & Newton, 1995; Wrisley et al., 
2007). In a sample of healthy, young adults with test separation averaging less than two 
days, composite score reliabilities have been shown to be 0.67 with a wide range of 
scores for the individual condition equilibrium scores; as low as 0.35 in condition 3 
(stable surface with sway referenced vision) with the other conditions ranging between 
0.43 to 0.79 (Wrisley et al., 2007). The reliability of both maximum reach scores and 
average scores are comparable, if not better than these common measures even with a 
longer separation between sessions that is more realistic to the separation of time 
between a baseline measure and retest following injury. 
Balance assessment tools are constantly critiqued based on their clinical utility. 
These instruments are designed to measure an outcome resulting from a pathological 
or non-pathological deficit in a mechanism, postural control. Though invaluable, they are 
generally a gross measurement of a deficit that is often anticipated based on other 
criteria and therefore are not diagnostic in nature (Visser et al., 2008). Based on the 
importance yet inherent challenges related to balance assessments, new measures are 
constantly being proposed for clinical use.  The Star Excursion Balance Test has been 
used previously but recent critiques of the clinical utility of the measure question its 
applicability. The proposed modifications of the CM-SEBT do not alter the reliability of 
the measure when using the average score of three measured reaches. Ultimately, this 
may present the clinician with a more challenging and sensitive task that can compare 
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different sensory contributions in pathological conditions. This investigation highlights 
the reliability of the measure, opening the door to future investigations within various 
pathological conditions. 
VALIDITY OF THE CONDITION-MODIFIED STAR EXCURSION BALANCE TEST 
 
 When the clinical necessity for a new measure of a given parameter arises, 
proposed tools must be proven as both reliable and valid. Reliability examinations help 
to show the consistency of a measure across time; determining whether variations in a 
measure when repeated are indicative of a pathological condition or not. Validity can 
tend to be less concrete and ranges from basic definitions where the measure “looks 
like” it should accomplish its goal (face validity) to more specific definitions where one 
measure is compared to another already established measure (criterion validity). Two 
other forms of validity assessments revolve around a measures likeness to other tools it 
should be like (convergent) or how unlike measures it should not be like it is 
(discriminant). Previous investigations of the Star Excursion Balance Test (SEBT) have 
assumed face validity of the measure as there is no “gold-standard” measure like the 
SEBT that can be used to determine the criterion validity of the measure. It is described 
as a unilateral, lower extremity reach task that measures dynamic balance. Some 
investigations have examined its convergent/discriminant validity through comparisons 
of reach distance to established static or dynamic measures of balance resulting in an 
understanding that the SEBT is not similar to other current “static” balance 
measurement tools {Nakagawa, 2004 152 /id;Hrysomallis, 2006 28 /id;Bressel, 2007 
100 /id}. 
The results of this investigation support the idea that the CM-SEBT, like the 
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SEBT, is a unique approach to balance assessment. Significant correlations to 
previously utilized clinical measures of balance were fair at best according to standards 
proposed by Portney and Watkins (2009) (Portney & Watkins, 2009). Modifications to 
the original SEBT were designed to mimicked sensory alterations of the BESS and 
SOT; however, the differences in nature of these measures (static vs. dynamic vs. 
movement oriented) may have obscured any similarities the measures do share.   
 Static posturography involves the measurement of postural control under 
conditions with limited perturbations (i.e. stable surface with no interference). Dynamic 
posturography incorporates some form of perturbation that should imitate a challenge 
encountered in daily life (i.e. an unstable surface, moving platform, etc) (Visser et al., 
2008). Other authors have separated these terms based on the goal of the task and 
measurement, static balance using measures of COP and dynamic measures using 
tasks like the SEBT and a single leg hop stabilization test {Bressel, 2007 100 
/id;Riemann, 2002 483 /id}. The results of most investigations examining the 
relationship between static and dynamic measures indicate that performances during 
static measures were not correlated to measures of dynamic balance. Hrysomallis and 
colleagues (2006) (Hrysomallis et al., 2006) investigated these associations by having 
participants stand on one leg for a static task and perform a stepping task into the same 
position on an unstable surface. Though statistically significant, the Pearson’s product-
moment correlation coefficient between the tasks was only r=0.40. Bressel and 
colleagues (2007) {Bressel, 2007 100 /id} examined group differences in static and 
dynamic measures of balance and found that athlete’s associated with different sports 
performed differently on the measures; basketball athletes performed worse on a static 
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measure than gymnasts and worse on a dynamic measure than soccer athletes. Sport 
specific training may cause the mechanisms of achieving both static and dynamic 
postural control to adapt according to the demands, indicated a difference in tasks. 
Our results concur that measurement of the dynamic CM-SEBT assesses a 
different component of postural control than both the SOT and BESS and considering 
the different nature of the tasks demonstrates discriminant validity. Similar to previous 
findings any statistically significant correlations between measures were weak and 
inconsistent.  
One limitation of this investigation, however, is that the methods did not provide a 
means of inferring a cause of these differences. It has previously been suggested that 
differences between visual, vestibular, and somatosensory inputs during static and 
dynamic balance measures may account for lack of relation between the tasks 
(Wikstrom et al., 2006). The sensory ratios commonly calculated on the SOT were not 
correlated to calculated CM-SEBT ratios under similar conditions. Unfortunately, the 
differences between the tasks, movement-oriented task versus one designed to 
maintain a static position though “dynamic” and a sway-referenced surface versus a 
foam surface, cannot be separated with this study design. While performing the SOT 
individuals made the best use of the somatosensory inputs individuals made the best 
use of the somatosensory inputs with the vestibular input not supporting the absence of 
the other systems as well. During the CM-SEBT, the sensory input best utilized in the 
absence of others was the somatosensory in all directions but the anterior direction 
where visual superseded. 
Furthermore, examination of ratio correlations within each measure (i.e. 
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somatosensory:visual, somatosensory:vestibular, visual:vestibular) revealed similar 
trends for each reach direction when compared to the SOT. Though this does not imply 
any outcome similarity between measures, it may suggest within the CM-SEBT the 
visual, somatosensory, and vestibular systems are being used in a similar manner to 
achieve balance. This unique measure of balance seems to be linked with function as 
previously suggested (Olmsted et al., 2002; Gribble et al., 2004) with an increase in 
reach distance corresponding to increases in postural sway and BESS errors as 
indicated through multiple negative correlations (statistically significant and non-
significant). Performance on this measure may be different in a more highly trained 
population (Thorpe & Ebersole, 2008; Sabin et al., 2010). 
Surprisingly, reach distance was not strongly or significantly correlated to 
maximum COP excursion and excursion distance. It was anticipated that these 
measures would show a strong relationship with reach distance during simultaneous 
measurement. No known previous investigations have examined traditional measures of 
postural sway during performance of the Star Excursion Balance Test. Previous 
investigations have, however, established that multiple factors may play a role in reach 
distance scores including but not limited to strategy (Robinson & Gribble, 2008), training 
level (Sabin et al., 2010) or even individual foot postures (Cote, Brunet, Gansneder, & 
Shultz, 2005). These factors may influence COP measurements differently than they do 
reach distance. Furthermore, the effect of lowering the center of gravity during task 
completion or the alteration of COP through a medium on center of pressure measures 
has not been previously established (Betker, Moussavi, & Szturm, 2005). One limitation 
specific to this result is that in the analysis of force platform measures, the maximum 
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COP excursion was assumed to represent the point of lower extremity reach contact. 
These results could not be verified as each trial was not marked. Future examinations 
are needed to further elucidate the relationship between dynamic measures of postural 
control, such as the CM-SEBT and traditional measures of postural control. These 
studies should focus on understanding the factors that determine reach distance and 
the contributions of strength, flexibility, and balance. 
CONCLUSION 
 The CM-SEBT provides clinicians with a highly reliable, clinically applicable, and 
unique measure of balance. It is clear that there is a necessity for good balance 
measures for use in diagnosis, treatment and prevention of injuries. A unique measure 
that incorporates postural control and movement may afford healthcare providers a 
more sensitive measure to enhance patient care. The full extent and use of the CM-
SEBT has not been fully elucidated in research literature, however, a basis of 
understanding the measure is developing. This investigation provides a foundation for 
the use of additional sensory challenges in pathological populations. The reliability of 
the measure, even in conditions that alter somatosensory and visual input, remains in 
clinically acceptable ranges that are better than other commonly used measures. In 
considering a measure that provides the highest reliability, clinicians should not try to 
shorten the exam by performing a single reach as the average score of three measured 
reaches provided the most reliable measure. The results from this study also provide 
necessary groundwork for the development of clinical standards regarding the CM-
SEBT. The interpretation of scores still needs to be verified in pathological populations, 
though it has been shown that these guidelines are not gender specific though future 
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verification of cut-off scores while reaching in the posterior direction is warranted. Use of 
a pathological population will help to narrow which standards will be best in balancing 
the specificity and sensitivity of the measure.     
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Appendix A: Criteria for Inclusion Questionnaire 
 
 
 
 
 
Criteria for Inclusion Questionnaire 
 
The following questions will help determine if you meet the criteria for inclusion into the study.  Since the study is 
interested in examining dynamic balance and concussion history, it is important that you accurately answer each 
question.  
 
Please answer the following questions with a yes or no response. YES NO
1. Do you have any serious symptomatic ankle, knee, hip, or lower back 
trauma requiring medical attention within the last 3 months? 
  
2. Do you have any bone or joint abnormalities (i.e. arthritis)?   
3. Have you had surgery on your hip, knee, and/or ankle in the last year?   
4. Is your doctor currently prescribing drugs to control your blood pressure or 
a heart condition? 
  
5. Do you know of any reason why you should not do physical activity?   
6. Are you currently taking medication for any of the following: vertigo, 
headaches, migraines, cold symptoms, or inner ear infection? 
  
 
History of Concussion Questionnaire 
 
Have you previously sustained one or more concussions in your lifetime?          Yes / No 
 
 If yes…how many concussions have you received?   _____________ 
 
 To the best of your remembrance can you list a description of the timeframes of those 
concussions (month/year)? 
   # __________, ___________________________________________ 
   #__________, ___________________________________________ 
   #__________, ___________________________________________ 
   #__________, ___________________________________________ 
   #__________, ___________________________________________ 
 
Who diagnosed your condition as a concussion? 
A medical professional (i.e. an athletic trainer, physician or other health care professional)? 
           Yes / No 
  …which #s?       ___________________________________________________ 
 
 A family member or friend (non-medical professional)?      Yes / No 
  …which #s?       ___________________________________________________ 
 
 Yourself?         Yes / No 
  …which #s?       ___________________________________________________ 
 
ID #:_____CM-SEBT      DATE:_____________________     
    
AGE: ________ Birthdate:_________________    Gender:  M / F 
 
Height (cm):  __________ Weight (kg): _______________       Dom Limb (kicking leg):  R / L 
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Please answer fill in the following chart regarding details of your previous 
concussions. 
Concussion # 
Symptoms Present Symptom 
Duration 
(Days) 
Time before 
Returning to 
Play (Days) 
Did you 
report this 
to coach or 
medical 
staff? Headache 
Loss of 
Memory 
Loss of 
Consciousness 
# __________ Yes  /  No Yes  /  No Yes  /  No   Yes  /  No 
# __________ Yes  /  No Yes  /  No Yes  /  No   Yes  /  No 
# __________ Yes  /  No Yes  /  No Yes  /  No   Yes  /  No 
# __________ Yes  /  No Yes  /  No Yes  /  No   Yes  /  No 
# __________ Yes  /  No Yes  /  No Yes  /  No   Yes  /  No 
# __________ Yes  /  No Yes  /  No Yes  /  No   Yes  /  No 
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Appendix B: Informed Consent Document 
 
Reliability and Validity of the Condition –Modified Star Excursion 
Balance Test: Influence of Concussion History (CM-SEBT Study) 
 
Consent to be a Research Participant 
 
A. Purpose and Background 
A concussion is an injury that affects many athletes a year, especial those involved in 
contact sports.  Assessing the presences of concussion and lingering effects of 
concussions, by medical professionals, involves the use of balance testing.  The most 
commonly used test is the Balance Error Scoring System (BESS) because it is easy to 
administer and cost effective.  However, the BESS has limited sensitivity in identifying the 
presence of a concussion.  Since the BESS tests balance in a static stance (without 
movement), a more dynamic test of balance (with movement) may enhance the diagnosis of 
concussions.  The Star Excursion Balance Test (SEBT) is a dynamic balance test that has 
previously been used in the assessment of chronic ankle instability and is gaining in 
popularity as a clinical balance tool.  Modification of the SEBT test to incorporate increased 
challenges to an individual’s ability to balance may further enhance the relevance to 
concussion assessment and the sensitivity of concussion detection.  The purpose of this 
study is to validate the use of the Condition-Modified SEBT (CM-SEBT) with regards to 
concussion testing and prove its reliability through repeat exposures.  I understand that my 
responses to the “criteria for inclusion questionnaire” will determine my eligibility to 
participate in this study. This research is being conducted by Prof. Steven Broglio and 
graduate student Matthew Sabin from the Department of Kinesiology and Community Health 
at the University of Illinois at Urbana-Champaign (UIUC). 
 
B. Procedures 
I understand that prior to any testing or measurements I will answer a series of questions 
related to my health and activity history to determine my eligibility to participate in this study. 
I understand that participants with known medical conditions affecting the area to be tested 
will be excluded from this study.  These specific criteria include serious lower extremity and 
back trauma requiring medical attention within the last 3 months, presence of joint 
abnormalities (i.e. arthritis), surgery on the lower extremity joints in the last year, currently 
taking prescription drugs to control blood pressure or a heart condition, known reason why 
they should not do physical activity, or current prescription use for balance affecting 
conditions (vertigo, headaches, migraines, cold symptoms, or inner ear infections).  If no 
criteria exclude me from participation and I agree to participate in this study, I will be asked 
to attend 2 different sessions, lasting about 60-90 minutes each and separated by 4-7 
weeks, to complete a series of three balance assessments.  Testing at each session will be 
identical and the order of testing will be randomly determined.      
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The following are descriptions of the three balance assessments I will complete at each 
session.   
 
Condition-Modified Star Excursion Balance Test (CM-SEBT) 
I understand that this exercise is a test of my balance while standing on 1 leg.  I will be 
asked to perform 4 practice reaches and 3 measured reaches in 8 directions while 
standing on a firm and a foam surface with my eyes open and closed.  I will be asked to 
maintain my hands on my hips and remain balanced on the stance limb while I touch 
lightly as far as possible in a given direction.  During the trial I must maintain all weight 
on the stance limb and compliance of these criteria will be monitored.  
Balance Error Scoring System (BESS) 
I understand I will be asked complete 3 sets of 6 different conditions with each condition 
lasting 20 seconds each.  Each condition will be performed with the eyes closed and the 
hands on the hips in 3 stance positions (double limb stance, single limb [non-dominant], 
and tandem [non-dominant forward]) on two different surfaces (firm and foam).  I will be 
asked to perform this task without shoes.  I will be asked to return to the starting position 
quickly if I fall out of position.   
Sensory Organization Test (SOT) 
I understand that I will be asked to stand on the NeuroCom International Smart EquiTest 
System.  During this test I will be asked to perform a series of double limb stances under 
six different conditions involving sway referencing of the floor and walls (movement of 
the floor or walls in response to my movement) and having the participant's eyes open 
and closed.  Each condition will be repeated three times for a total of 18 trials.  Each trial 
will last 20 seconds long.   Although the risk of falling is minimal, straps will be placed 
under my arms for safety.   
 
C. Risks and Benefits 
The risks that I will encounter through my participation in this study are similar to those risks 
involved in everyday activity. All tests used in this study have been proven to be safe for 
research purposes. However, certain precautions will be taken to minimize this risk (i.e. 
support straps during the SOT).  It is possible, however, that I may experience minor 
musculoskeletal injuries such as muscle strain, muscle soreness, and/or tightness. I 
understand that this risk is considered low and I will be given adequate rest between sets 
and tests to minimize these affects.  I may not benefit directly from this study; however, the 
results from this study may help advance scientific knowledge.  
 
I understand that in the event of physical injury resulting from the research procedures no 
compensation will be provided by the University of Illinois except as required by law. Emergency 
medical treatment is available but will be provided at the usual charge. I or my insurance 
company will be charged for continuing medical care and/or hospitalization. 
 
D. Confidentiality 
Information used to personally identify me will be collected (name and contact info) for this 
project and will only be used to contact me during this study. This information will not be 
used in the data analysis, nor will it be released to others. My identity will be kept 
confidential, except as might be required by law. Results obtained from this research study 
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will be disseminated in journal articles and scientific meetings.  
 
E. Compensation 
I understand that my participation in this study is strictly voluntary and that no form of 
compensation will be provided. 
 
F. Contact information 
For any questions regarding this study or questions regarding a research-related injury, 
please contact Steven P. Broglio, PhD [(217) 244-1830, broglio@illinois.edu] or Matthew 
Sabin [(217) 265-6268, msabin2@illinois.edu]. 
 
For any questions regarding the rights of a research subject, please contact the Institutional 
Review Board Office of the University of Illinois at Urbana-Champaign at (217) 333-2670 
(you may call collect) or irb@illinois.edu.  (An Institutional Review Board is a group of people 
who review the research to protect your rights) 
 
G. Refusal or withdrawal of participation 
I understand that my participation is voluntary. I may refuse to participate or may withdraw 
consent and discontinue participation at any time without penalty or loss of benefits to which 
I am otherwise entitled, and without prejudice to my present or future status with the 
University of Illinois or any individuals associated with this study. 
 
H. Statement of Consent 
I will be given a copy of this consent form. I have read and understand the above and agree 
to participate in this study. I am between 18 and 40 years of age.  I do not waive any legal 
rights by signing this form. 
 
 
Date Subject’s signature 
 
 
Date Signature of person obtaining consent or Witness 
 
_________________________________________________________________________ 
Date    Principal Investigator 
 
 
University of Illinois Approved Consent Form Valid Until: 
 
 
 
 
 
